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PREFACE 


f 


This secHon was prepared by Gruiranan Aerospace Corporation 
for Raytheon as the final report on the Mechanical Syst«n and Plight 
Operations tasks of Preliminary Analysis and Concept Definition. The 
baseline MPTS assumed for these tasks was derived from the prior 
feasibility study (Reference 4) . The principal difference between 
this baseline and the system description that evolved during the Con- 
ceptual Design Phase was the Increase in weight of the MPTS waveguide 
to reflect an increase in wall thickness to 0.5 mm. This increase 
does not materially effect the study results since the structure de- 
sign driver is the thermal environment^ and the orbital transportation - 
assembly costs are normalized to cost per unit weight. 

A similar evolution to higher weight took place in the estimate 
for the solar photovoltaic power source used as an exanqple for the 
complete SPS. The preliminary and final estimates are as follows for 
an aluminum-amplitron configuration and 5 GW ground output powers 


Solar Array 
Transmitting Antenna 


Preliminary 
Weight - kc X 10^ 
9.8 

11.5 


Final 

Weight - kg X 10^ 

11.8 

-S-J. {*) 

17.9 

- kg X 10® 

0.51 

2.22 

3.33 

6.06 


(*) Final Transmitting Antenna Weight 
Power Distribution 
Converters 
Antenna 
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Section 1 


introduction 

The objective of the Grumman effort is to provide refined Inputs for mechanical 
eystems, structure and thermal control for Raytheon’s overall iuvestlgatlon of the Micro- 
wave Power Transmission ^stem (MPTS). This system wiU be used to transmit, receive 
and control large amounts of power from space. Grumman's efforts l^ntlfied structural 
design < 9 tions, the driver parameters for both we^t and cost, airf established require- 
menta for ffie structural and flight operatione systems. 

An orbiting electric power station has several major elements: the power source or 
converter, the electrical power distribution ^stem and the microwave generator/ 
transmitting antenna. An antenna can be hypothesized that would be independent of the 
power source except for the mechanical control system interface. The purpose of Task 1, 
Preliminary was to evaluate this mechanical interface. To achieve the depth 

needed to gain an understanding of accuracy and stabili^, a power source and spacecraft 
had to be selected. Because more data on physical characteristics were avaUable on the 
SateUite Solar Power Station (SSPS), this power source/spacecraft war used in the pre- 
liminary assessment. 

S el ecti n w of the a n ten na structure required evaluation of 1) basic antenna geometry, 

2) the impact of MW conversion thermal waste on structural material selection and feasible 
structural flatness, and 3) the mode of transportation and assembly. A broad matrix of 
antenna geometries, structural materials and transportation modes have been evaluated. 
Figure 1-1 summarizes this matrbc of design options considered during the Task 1 
Preiiminaiy Design Phase. 

The three materials, aluminum, graphite/epoxy and Kevlar polylmide, were selected 
on the basis that they represent a broad range of strength, weight, cost and theimal 
characteristics. Aluminum represents a low cost, high weight option that would thermally 
limit the power level selected for the system. Oraphlte/ep0.v>' represents a material uith 
excellent thermal e.xpanslon characteristics, high strength and low weight. Kevlar polylmide 
would be low weight at modest cost with a resin that could withstand a high temperature 
environment. 




The fiMir tranepoirtation modes selected for Task 1 represent the neSr term Space 
Transportation System capabilities. A Transtage was selodted, both in an expendable add 
reusable version, as being most representative of the performance of the Interim Upper 
Stage (lUS). A Full Capability Cryo Tug was used to represent the STS performance 
capability in the 1984 time frame. The fourth option, Shuttle/Low Altitude Assembly, was 
lntw)duced into the matrix to determine tt»e impact of assembly altitude on overall system 
selection. 

Antenna geometry options include a rectangular grid and a radial spoke structural 
layout* Both tiiese structural arrangemSnts are acceptable in terms of available layouts 
for the power distribution system. Antenna diameters between 0. 7 to 1.4 km were in- 
cluded In the design matrix after Raytheon's preliminary results indicated that optimum 
system performance would fall wldim tlmse bounds. 

The Task 1 stmty logic for control analysis and thermal structural analysis and cost 
parametrics are outlined in Fig. 1-2. Hie output of the three principal tasks are recom- 
mendations for a limited number of control system, structural and flight operations options 
for detailed concept definition m Task 2. 

The limited number of design options recommended m Task 1 were evaluated in 
greater detail in Task 2, Concept Defimtlon, using the study logic shown in Fig. 1-3. m- 
formation generated during Concept Definition will permit Raytheon to carry out technical 
and economic evaluation leading to selection of a single configuration to be the basis f«r 
ground demonstration test. 

Flight plans were generated for assembly of the SSPS at a low altitude which is within 
the performance range of the Shuttle widi integral OMS, and at an altitude above the Van 
Allen belts. Traffic rates and fleet size requirements were established for a one and two 
year assembly period. Packaging densities of SSPS components were considered in 
establishing the method of assembly using mampulative devices, maneuvering units, and 
EVA. Assumptions concerning degree of human skills are outlined as well as the potential 
capability of support ancillary equipment. Sensitivity analysis of various levels of ground 
prefabrication compared to corresponding levels of orbital assembly was performed to 
determine the most cost effective approach to structural assembly. 
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Antenna general arrangemeiite, Interface drawings and weight statements are In* 

. ; . '1 ; j In ^Is document for use during the remainder of tiie MPTS studies. Detail thermal 

' and structural evaluations have been performed to determine the limitations the structure 

Impose on electronic layout and phase front control concepts. Mechanical ojitlons to a 
fully electronic control system have been identified and are shown to desensitize the 
tolerance on structural assembly accuracy and impact of thermal deflections over a wide 
range of sun-to-spacecraft geometries. 
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Section 2 


SUMMARY 


2.1 TASK 1 - PRELIMINARY DESIGN 

2. 1. 1 Control Analysis 

Qualitative estimates of requirements and deBl ,n options for antenna mechanical 
steering Indicates that pointing accuracy of better ♦»ian 1 arc-mln can bi» achieved. The 
mechanical system, If integrated with the electronics microwave beam phase front control, 
could improve overall system efficiency with minimal Impact on system weight and cost. 

Figuro 2-1 summarizes tihe design environment for mechanical steering. The antenna 
gravity gradient torques are a major externally induced disturbance. Other factors, such 
as torque caused by solar oressure, or electromagnetic forces, are small. The most 

torque is the friction torque at the rotary Joint. This torque varies as a function 
of system power level and power transfer technique . Base motions of the ® PS are caused 
by normal limit cycle operations and by solar array bending dynamics. 

Figure 2-2 Is a composite of hyStem accuracy and torque requirements as a function 
of control system frequency. An azimuth accuracy of 40 arc-sec can be 

achieved with a control system frequency of 1 rad/sec. This control frequency would re- 
quire 1, 020, 000 N»m (760, 000 ft-lb) peak control torque (mea^red on load side of the 
gear train). This control system frequency Is well above the first structural frequency of 
the SSP8 and antenna. Peak horsepower requirements at 1 rad/sec is 0. 18 and 1. 75 hp 
in azimuth (East-West rotation) and elevation (North-South rotation), respectively. 

A review of top level methods for implementing mechanical steering favors a motor- 
gearing mechanical system as opposed to a reaction jet system. Because control system 
frequencies are well above the first structural bending frequencies, no Instabilities are 
foreseen. A mechanical sj'stem could be configured against wear by providing sufficient 
redundancy. The reaction jet approach, Itt which jets are mounted to the antenna, would be 
advantageous because the antenna structure could be more readily isolated from spacecraft 
dynamics than a mechanical system using gear trains. The shortcomings of the jet s>'stem, 
however. Include: 
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• ANTENNA TORQUES 


azimuth elevation 


- GRAVITY GRADIENT N*«n iFT-LBl 

- FRICTION DUE TO ROLLERS ~ N*m(FT-LBl 

- friction DUE TO SLIP RINGS <^N*m IFT'LBl 


1S00 (1330) 
4300 ((3108) 
1,020,000 (7S0,000) 


2lto0 (1682) 
1160 (7921 
N/A 


• BASE MOTION 

- SSPS LIMIT CYCLE 
u POSITION DEG 
n RA1e"0EG/SEC - 

u acceleration OEG/SEC^ 

> antisymmetric BENDING MODE 


□ POSITION ~ RAD 
a RATE -RAO/SEC , 

a ACCELERATION ~ RAD^C* 


*1 

*3.94, *2 

9*10r7 2 k10^ 


.0027 

4.86x10’! 

8.80x10’® 


.0027 . 

4J6x10i 


Fig. 2-1 Control System RtquireiMfrts 



• CONTROL PEAK TORQUE 

- AZ *» CONSTANT WITH CONT'L FREQ 1,020,000 N m 

- EL =* CONSTANT WITH CONT'L FREQ * 2780 N*rti 


• PEAK OPERATING HP 

- A2 ^ constant with CONT'L FREQ » .18 HP 

- EL ® constant With conT'l freq « i.?6 hp 


Fig. 2>2 Control System Requirements 





# Beqairementfor propellant resupply 
e Contamination of waveguide funotlone. 

Figure 2-3 lists mechanical system options conSidered4n Task 1 and identifies con- 
figurations recommended for Task 2 Concept Definition. Also included in Fig. 2-3 are 
■ recommended technologQr studies which could provide a more optimum design. Fower 
clutches or rotaiy transformers are power transfer advanced space techniques that could 
to a reduction in interface friction, and increased life. I^ur gears are recommemted 
for Ihe gear train, but a direct drive motor ^stem would eliminate gears and may be easier 
to f tnpi**"* provided sufficient accuracy could be achieved, mdividual rollers ate recom- 
mended as h a s eline because of ease dt implementation. Ball bearings offer an advantage in 
terms of lower friction torques and ahould be considered as an alternate. DC brush torque 
motors are recommended; however, linear induction motors may show advantages in terms 
of life and inherent capability to isolate the spacecraft dynamics from the antenna dynamics. 

2.1.2 Thermal/Structural Analysis 

A thermal/structural analysis has been carried out to determine deformations to be 
used in establishment of requirements for phase front control, and to determine cost and 
weight factors for overall system selection. 

2. 1. 2. 1 Preliminary Design Options 

Figure 2-4 iS a wei^t comparison of principal structural design layouts. The rec- 
tangular grid approach was found to be lighter than the radial spoke arrangement. Two 
compression member designs were considered; a singular tube, 100 m long, and a 
triangular girder with thin walled circular tubes at the apex wltti cross tubes and diagonal 
wire bracing. The triangular girder approach was found to be significantly lighter than the 
singular tube. 

Assessment of structural deflections included analysis of load, thermal and assembly 
tolerance Induced drformations. The assembly tolerances were found to be the largest 
source of deformation n ith a worst case tip deflection of 0. 17 degree. Deflections due to 
thermal bending can be kept below I arc-mln If thermal gradients between the upper and 
lower primary structural caps can be controlled to less than 4 K. Deflections due to loads 
were found to be insignificant. 
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2. 1.2* 2 Thermal ©raluatlon 

Pnllmtnu; tlieriMl aaa^»ta oWke MPT8 oMitored aboat Madlea fliat »r<«a<J Uidlcale 
the eenaltlvtty of temperature level aad thermal gradient on antenna Btze« power level, 
microwave converter jelefitSpn, and dtetrlhutlOn. 

2 1 2. 2. 1 T.n,na»m.re Level - Stmotural temperature levels, material and antenna else 

wmWne to place llmitattone on «» power that can he transmitted by the antenna. Figure 2-5 

shows the limit power level for antenna diameters between 0.7 and 1.4km. Aluminum, 

epoxy and polylmlde am rimwn <m represenlatlvo materials. Aluminum and graphIte/epoxy 
lose ttelr Strength oharaoterlstlos at approximately 46 o‘k. This limits system power 
levels tor 1 km diameter antenna to 17 gw with a 90% eBtolent microwave converter and to 
4 gw with a 7(«i efficient converter. LImtt power levels can be slgnlflcanay Increased 
With the o£ polylmlde composite materials. 

2 1 2. 2. 2 TKArmal Gradient - Figure 2-6 presents the thermal gradients between primary 
structu^ caps tor distances of 40 and 90 meters. The trend Indlcatee that to limit tip 
deaeotlons to less than 1 aro-mln, the overage aetanoe between cmie thould be somewbat 

toss than 40 meters. This would keep temperature gradients below 4'C. 'fte worst 

case thermal gradients occur when the antenna microwave surface Shades the structure 
from the sun. 

2, 1. 3 Hfbf rf gn Options and Groundrules for Task 2 Concept Definition 

Task 1 resulted In recommendations that a frequency of 2.46 GH4 be selected and 
four configurations of slotted waveguide transmitting arrays be studied In Task 2. These 
configurations Involve combinattons of amplltrons with aluminum structure and array, 
ampUtrons with graphite composite structure and array, and a klystron with the same two 

materials. 

Task 1 also showed that a 6 gw ground output power level would be a reasonable 
choice for all Task 2 study vehicles. An antenna diameter of 1 km was selected based on 
the relative insensitivity of this parameter to overall system cost and performance. 

Figure 2-7 Summarises the guidelines for Task 2 study. 
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2.2 task 2 - CONCEPT DEFINITION 

2.2.1 MlBslott Analysis 

mlMlo. .MlyBls eOort ob)ectlve t. defl» fllgM «e«.rl,e 

aBBeesroent of transportation system performance tequtreinents. Figure 2- “ ^ 

C thTssPS assembly seiptence. Two flight plans for assembly and transport 
to geo^chronous orbit were developed: 

. low altitude assembly and transport to geosynchronous using ».lm- electric 
propulsion (SEP) 

e Jlflf te-My Just above Van AUen belts and transport to geosynchtonouB using SEP. 

A baseline SSPS, Fig. 2-9 was assumed for mission analysis and subsetjient estl- 
ntates of trafflc models and fleet sizes. Performance capabaitle. of the 
syatem are summarized In Fig. 2-10. Shuttle performance of 66. 000 lb (29. 400 W c 

be expected up to an altitude of won ml. Ihe Cryo Tug. used In the flight pta with 

fsZLy stToOO n ml. has a payload capabUlty of 36. 800 lb (16. 700 Kg) In a 11.6 recover- 
able mode. 

SEP size and performance data tor the two fll^t modes are presented la Fig. 2-10. 

A SEP system eBlclency of 0.7 and a specific weight of 16 Ib/kw (6. 8 KgA») was assumed 

in the stage sizing. The 0.7 efficiency Is e<paled or T 

overall system wecUlc weight Is consistent with projected solar cell weights for the ®PS 
Itself, specific weight of the power conditioning and subsystems Is based on a project^ 
four fold impmvemsnt In technology (using today's technology would result In an overal 

system specific weight of 65 IbAw = 29.6 Kg/kw). 

A 190 n ml assembly site would require continuous orbit keeping propulsion to com- 
pensate for afi drag, r .gure 2-11 Indicate, that uncorrected aln drag 

rassembly entry alter one to 16 months depending upon configuration M/C^. spread 
in M/C A (0. 176 to 1. 76) 1. Indicative of the SSPS configuration with solar Waists 
dwdoy^snd retracted. A 16-lb thrurt (70 newton) SEP stage would be required for the 
oL keeping function. A propellant expenditure of 44 flb (20. 000 Kg) Is projected. 

2.2.2 Antenba Structural Definition 

The MPTS antenna Is 1 km In diameter by 40 meters deep. Fig. 2-12. The antenna 
IS assembled In two rectangular grid stwclural layers. The primary s^ctum 1. b«Ut-up 
in 108 X 108 X 36 meter bays using trUngular girder compression members 18 meter, long 
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and 3 meters deep, the eecondfiry structure la used as support points for the waveguide 
sttbarrays ahd is built up us 18 x 18 x 6 meter bsjrs. the total a n tenna structure/meohanloal 
system weight is 522 x 10^ Kg using aluminum and 411 x 103 Kg using graphlte/epoxy 
(or polyimide). 

the antenna-to-spacecraft interface uses a 360® rotary Jotet for antenna motion per- 
pendicular to the orbit plane (azimuth Joint) and a limited motion rotary Joint, ± 10 deg, 
for North-South pointing (elevation Joint), Fig, 2-13. Two slip ring assemblies (One for 
plus power and one for power return) are used for power transfer across the azimuth 
rotary Joint and flex cable is used across the elevation Joint. Both the azimuth and 
elevation Joint drive assemblies utilize a geared rail about the diameter of ttie support 
structure and four DC brushless motor driven roller assemblies. 

The structure to waveguide interface uses three gimballed screw Jack assemblies 
(Fig. 2-14) to provide a mechanical tuning system for alignment of the waveguides after 
construction. Up to 40. 5 cm of linear motion can be used to correct thermally Induced 
atifotma tip deflections and can also be used to correct a maximum expected 4 arc-min 
subarnqr misalignment. 

Figure 2-lS is a typical conceptual design of a mechanical locking mechanism for 
structural Joints. The girder interconnect Ptting is similar to a docking drogue which 
utilizes a spring-loaded ball lock for faedening with the tri-beam end fitting. 

2.2.3 Configuration Analysis 

2. 2. 3.1 Thermal Analysis 

A refined thermal analysis of the antenna conceptual design concentrated efforts on 
the following: 

• Selection of the tri-beam element longeron cross section to minimize maximum 
temperature and thermal gradients 

e Identifying the limit waste heat at the center of the antenna as a function of 
structural vertical member material 

• range of thermal gradients between primSiy and secondary structural 
caps as a function oi sun position relative to the antenna. 

Figure 2-16 presents the maximum temperatures and thermal gradient across three 
candidate structural cross sections: tubular, rectangular hat, and triangular hat. The 
tube is the worst from a thermal standpoint. The use of aluminum tubing near the center 
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of the not be possiblo with this geometry. The rectangular high hat design Is 

not ah attractive structural geometry but does offer an Improved temperature picture. 

The triangular hat design has the lowest maximum temperature level and minimum, 
gradient of the concepts considered. Aluminum construction of tiie trl-beam horizontal 
members can be considered with this cross section. 

Ihe temperature profiles along the horizontal structural tri>beam caps were evaluated 
foe. various orbltaLpoSltlotts during the equinoxes and Mistices. Figure 2-17 presents th^ 
expected variation In. thermal gradients between primary and secondary structural, caps 
The average primary structure thermaLgradlent Is approximately S^K at the center of 
the antenna. The expected variation in this gradient Is ± l^K. the thermal gradients be- 
tween secondary structural caps are small, 1/2® ± 1/4®K, and <k> not present a significant 
thermally induced deflection environment. 

The vertical columns of (he structure have the same view of the an(»nna surface and 
space, and consequently cannot be readily configured with coatings. Insulation or geometry 
selection to minimize peak temperatures of the material. Figure 2-18 presents the maxi- 
mum waste heat flux that will be experienced by (he vertical columns for microwave 
converter efficiency of 85% and 70%. Eighiy-seven percent of the waste heat generated by 
the converters is assumed radiated toward the structure. The par^eter p is a scaling 
factor for the shape of the Gaussian distribution of microwave converters on the antenna 
surface. Limitations as to the taper of (his distribution must be imposed depending upon 
title structural material selected. A near uniform distribution (1.5 to 1) must be used if 
the structure is aluminum or graphite/epoxy (70% converter efficiency). Selection of 
graphite/polylmlde would be compatible with a desirable 10:1 taper for the converter 
Gaussian distribution. 

2. 2. 3. 2 Structural Analysis 

The Task 2 struchiral analysis objective was to refine the design of the structural 
members and (o perform a detailed assessment of thermally induced deflections. The 
following summarizes these assessments: 

• The principal applied load for structure design is that induced by inertial response 
of the control system during breakaway from the 1. 0 x 10^ N* m slip-ring torque. 
This torque equates to a 100 lb (440N) end load on the upper and lower members. 













• me optlmlied graphlte/epoxy triangular hat longeron deelgn la shown In Fig. 2-19 
for a 460*K environment. The 20 mU thick material Is oompoeed of ten layers of 

2-niil graphite fibers. 

e The range of thermally induced deflections and local slope are presented in 

Fig. 2-20. Variations in slope with variations in orbital position exceeds 1 arc-mln 
for an aluminum structure. The slope variations from a mean or average deformity 
is well within limits for graphlte/epoxy. Assessment of secondary structure 
deformation Shows that the worst deflections occur at the tips of the antenna, with 
deflections not to exceed 10. 5 mm over any one 18 x 18m subarray. 


2.2.4 Assembly 


2.2.4. 1 Detail I»arts Assembly 

Sensitivity analysis of various levels of ground prefabrication compared to corre- 
sponding levels of orbital assembly was performed to determine the most cost effective 
approach to antenna structural assembly. Figure 2-21 outlines the three approaches which 
span the possible options for detaU part fabrication. Case I assumes manufacture of 
articulated lattice tri-beams on the ground. These designs can be compressed to 1/30 of 
its deployed length for convenient packaging in the Orbiter. Case n assumes that the 
ground fabricates the longerons and Intercostal elements of the trl-beam and that assembly 
of the beam is performed in a space station. Case HI assumes ground personnel prepares 
flat Stock with appropriate coatings for installation into an automatic manufacturing module 


in space. 

Figure 2-22 summarizes the pertinent characteristics of these approaches. Althou^ 
the articulated lattice beam is an efficient packaging arrangement, the packaging density in 
the orbiter is extremely poor. As much as 440 Shuttle flights would be required for delivery 
of the 470 Klb (213 x 10® Kg) antenna structure. Transport of beam elements provides an 
Improved packaging density, depending upon the cross-section selected. The number of 
crew members, however, required to fabricate the finished beam in space in a reasonable 
time would require deployment of as many as 24 12-man space stations. In-orbit auto- 
matic manufacture of the structural members appear to provide the clearest road to a low 

cost detail parts assembly method. 
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2. 2. 4. 2 Structural Assembly 

Analysis concentrated on the most frequently used operation in file antenna structure 
assembly, namely, the time and motion assessment of joining beams. Assembly costs are 
generally a strong function of the quantity and complexity of the assembly operation. In 
the estimate, for example, of aircraft structural assembly, the major cost driver is the 
number of parts and the type fastener used. In the antenna structure and waveguide inter- 
face design, simple mechanical locking mechanisms similar in concept to a docking probe/ 
drogue was utillaed when possible. Since most of the assembly will involve ttiis type of 
operation, detail evaluations were performed on this beam assembly procedure. 

Figure 2-23 outlines the antenna structure assembly flow. Assembly starts with 
installation of the rotary Joint using the solar array central mast as the point of departure. 
The rotary Joint to pwtonwa interface follows, using the elevation rotary joint structure as 
an assembly base. Assembly of the primary and secondary structure is performed working 
radially from the center of the antenna. Installation of waveguides and electronics follow. 

The alternate approadies evaluated include use of: 

e Manned manipulator modules 

e Hemote controlled manipulator modules 

e ‘FVA with assist from remote controlled logistics modules. 

The operatians analysis iqiproach is summarized in Fig. 2-24. The functional st^s in 
the operation for the three options wore identified and a time line analysis performed to 
determine the range of potential assembly rates. Estimates of consumables consumption 
of the free-flying modules were also made. Fast Grumman simulation data, which relates 
complexity of manipulator operations in a static environment to operations in a dynamic 
environment, was used in estimating both manned and remote controlled manipulator per- 
formance. Skylab 3 data on the human performance In assembling the twin pole sunshade 
was 1 aed to estimate fiVA assembly rates. 

Figure 2-25 summarizes results of the operations studies. Tbe following con- 
clusions were drawn from this data: 

e Remote controlled manipulator assembly offers the most cost effective approach 

e EVA assembly with remote controlled logistics vehicles could be cost competitive 
if assembly times in excess of tv/o years is acceptable and Space Station costs for 
a 50-man crew can be slKMvn to be reasonable 
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• Manned manipulator modules are not cost effective because of the high propellant 
consumption. 

2. 2. 4. 3 Support Equipment Requirements 

Preliminary definition of sui^rt astern requirements have been established for the 
low altitude and high altitude assembly sites using data generated during NASA studies of 
space stations, research applications modules and remote teleoperator vehicles. 

Figure 2-26 summarlaes the transportation and assembly approach used as a strawman 
In establishing support equipment requirements. The following lists the major equipments 
over and above the basic transportation systems required in support of assembly at tiie two 
candidate assembly sites: 


Low Altitude (190 N Ml) 
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- Crew support module 

- Communications module 

• Manufacturing modules 


High Altitude (7000 N Ml) 

e Remote controlled manipulators . 
e Manufacturing modules 

• Space statloi\ 

• Crew transport module 

• TDRS. 


• TDRS 


AStV 

ORBIT 

TRANSPORT 

SYSTEM 

(MATERIALSI 

TRANSPORT 

CREW 

DETAILED 

PARTS 

ASSY 

METHOD 

CREW 

ACCOM 

TRAMSRORT 

TO 

QEOSYNCH 

COMM 

LOW ORBIT 

- 190WM 

- ».5® 

• sMumc 

• SHUTTLE 

• AUTOMATIC 
IN^RBIT 
(MFR 
MODULE) 

• DEMOTE 
MANIPU* 
LATOD 

• SHUTTUE 

- 6MEN 

- 30 DAYS 

• SEPS 

• TORS 

HIGH ORBIT 

- 7000NM 

- 28.6® 

• SHUTTLE 

• FULL CAP. 
TUG 

• SHUTTLE 

• FULL CAP. 
TUG 

• CREW 
TRANSPORT 
MODULE 

• AUTOMATIC 
IN-ORBIT 
(MFR. 
MODULE) 

• REMOTE 1 
MANIRU 
LATOR} 

• SPACi 
STATION 

- SMEN 

- 186 DAYS 

• SEPS 

• TDRS 


Pig. 2*26 Trantportttion and AisamMy Elemtnti 

Figure 2-27 summarizes tlie weight and cost factors assumed In the overall cost 
assessment of the SSPS assembly operation. To achieve consistency of data, the $/Kg 
non-recurring and recurring cost estimate for the Space Station has been applied to the 
cost of all 8un>ort equipment. 
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2.2.5 CoBb ^ 

The Tafik 2 Cottceptual Design objective was to refine the cost estimates established , 

during preliminary design. Cost estimates of transportation and assembly were Increased j 

In scope to include the entire SSPS and associated support equipments. A more refined j 

of the autetma structural cost was performed on the rectangular grid 1km ; 

structural arrangement using aluminum, graphlte/epoxy and gcapUfe/polylmlde. 

*nie following summarize the findings of these assessments: 

• Low altitude assembly is significantly lower In cost tiian assembly above the 
Van Allen belts (675 $/Kg vs 1550 $/Kg) 

• The major cost driver Is Shuttle per flight costs 

• Recurring unit costs for Shuttles, Tugs, Space Stations, and other support equip- 
ments represents l/6th of the total assembly costs 

• Aluminum is 4 to 5% lower In cost than composites. 

figure 2-28 summarizes the traffic and fleet size requirements for three fli^t plans. 

The total numbers of Shuttle fights required to assemble the entire SSPS includes flights 
for depl<^ment of support equipments, transportation of personnel for monitoring the 
assembly cqaeration and delivery of the consumables for the remote contjpoUed manipulator 
modules. Flight Plan 1 and 3 assume one and two year assembly periods at the low altitude 
site, while Flight Plan 2 assumes a one year assembly time at the high altitude site. A 
significant difference exists in terms of total Shuttle flights needed for assembly at the higd: 
alt itu de site, primarily due to the added requirement to transport Tugs to and from orbit. 

The difference in total Shuttle flights required by Flight Plan 3 is not significantly different 
from Platt 1, but the average number of flights per day Is within reason (1. 37 vs 0. 7 per day) 
particularly when considering the non-optimum launch opportunities available with a 
190 n ml assembly altitude. Because of the Orbital geometries, launches of as much as two 
to four Shuttles in one 16 minute launch window may be required with Flight Plan 1. The 
two year low altitude assembly plan Is recommended based on the low number of Shuttle 
flights and reasonable launch rate. 

Figure 2-29 presents a cost comparison of the three flight plans. The low altitude, 
two year assembly period is the lowest cost option (1301 $/kw). This cost could be reduced 
with Increase In STS performance by a factor of tuo if a heavy lift, deploy only launcher 
with a payload capabllltj’ of 120, 000 lb (64,400 Kg) were developed from existing Shuttle 
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components. An sddltlonal reduction could be achieved with development of the Fly-Back 
Booster. It is conceivable that a cost as low as 300 $Aw could be achieved. 

An structure Is 4 to 5% lower In cost than a graphlte/epoxy or 

graphlte/polylmide structure (Fig. 2-30). This assumes that the basic structural elements 
can be made of the standard 5 mU fibers. Although the cost of composites are sllghtiy 
hlglier than aluminum, technical factors such as thermal properties, could be Ihe In- 
fluencing factors In final selection. 

2.3 recommendations 

The conceits and design <%tlonS recommended for Task 3 stmfy are listed In F^. 2-31. 
Also included are concepts that show sufficient promise for further technology study. 

Because of the greater cost associated with high altitude assembly, the transportation 
mode selection can be narroft'ed down-to use of the Shuttle at a low altitude assembly site. 
Advanced transportation system with Increased payload (hea\?y lift vehicle) and development 
of the Fly-Back Booster could fiirther reduce transportation and assembly costs, and 
should be given greater studj" emphasis. 

The rectangular grid structural arrangement diould be retained. No technology 
Issues arose Concept Definition that would suggest a different approach. The light 

wel^t and standardized construction of the rectangular grid structure makes this approach 
the best of the options studied. 

Materials selection cannot be clearly made at this time. Aluminum offers the lowest 
cost option with the least technology risk. The graphite composites are attractive In terms 
of thermal expansion properties and the potential to retain stiffness characteristics at high 
temperature (polylmldes). Basic materials technolog 5 » testing of composites Is recommended 
to determine the outgasslng and ultraviolet tolerance of these materials at the 6.\pected 
system operating temperatures. 

The assembly of structure using remote controlled manipulators was found to be 
potentially the lowest cost approach. This assembly technique would minimize the man-ln- 
space role and would therefore minimize the need for expensive life support equipments. 

The use of EVA in the assembly function showed the potential for increased production rates 
relative to remote controlled assembly. HoWever, the cost of large support Space Stations 
may preclude selection of this approach. Study of man's role in assembly of large struc- 
ture Is recommended for investigation outside of the MFTS study. 
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The method of fabricating detail parts of the assembly Is strongly driven by the 
volume limitations of &e transportation system. With the Shuttle volume characteristics, 
space fabrication of the low density components, such as structure. Is recommended. If 
volume capabilities of the launch system were Increased, ground prefabrication of deploy 
aide elements may become a more attractive option. 
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Section 3 

TECHNICAL DISCUSSION 

3.1 RflSSION ANALYSIS 

3.1.1 SSPS Configuration and Flight Mode Description^ 

The SatelUte Solar Power Station (SSPS), as presently conceived. Is a geosynchronous 
equatorial placed satellite whose function It Is to collect solar energy and radiate It to the 
earth (see Fig. 3. 1-1 and 3. 1-2). Energy radiation to the earth would he accomplished by 
the Microwave Power Transmission System (MPTS), an integral part of the SSPS system. 
The overall size of the SSPS system (~5 km x 12 km) precludes launch Into orbit by a single 
launch, but requires mai^ launches to get the components of the system Into low earth orbit. 
Once in low earth orblt(LEO) the system can be assembled and transported through the Van 
Allen belts to geoS 3 mdironous equatorial orbit. An alternate plan calls for SSPS assembly 
above the Van Allen belts (-7000 n ml) to avoid solar cell degradation which occurs while 
traversing the Van AUen radiation belts. The latter system would use a Tug to transport 
the SSPS components from LEO to 7000 n ml. Both assembly altltades would use a Solar 
Electric Propulsion System (SEPS) to transport the assembled SSPS system from the 
assembly point to geosynchronous equatorial mission orbit. Similarly, both techniques 
would use Shuttles to transport materials from ground to LEO. In summary, the complete 
SSPS system consists of the followlr^ segments; 

• SSPS structure 
« MPTS antenna 
e SEPS 

• Stationkeep/control module (LEO assembly only). 

Figure 3.1-3 depicts the two flight modes, l.e. , the low earth orbit assembly mode 
(Plan 1), and the high earth orbit (HEO, 7000 n ml) assembly mode (Plan 2). 

3.1.2 Transportation System Performance 

3. 1.2.1 Shuttle 

Both of the flight modes described in the prertous subsection utilize the Shuttle as 
the vehicle for transporting elements of the SSPS from ground to LEO. Due east Shuttle 
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Fig. 3.1*2 SSPS Mass Properties 
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from Keimedy Siiftce Center (KSC) reeult Itt f)laoement ot the maximum payload of 
66000 lb Into low earth otbit at 28.6 deg inclination. Figure 3.1-4 presents the Shuttle pay- 
load capability as a function of circular oiblt alUtude for situations requiring a rendezvous 
by the Shuttle. As illustrated. 190 n ml is the maximum altitude that the Shuttle can deploy 
the payload of 65000 lb. Shuttle performance degrades near linearly and rapidly 

above 190 n ml to 290 n mi. where no payload can be placed into orbit. Shuttle performance 
in this region can be increased with the addition of Orbit Maneuvering System (OMS) propel- 
lant in the Shuttle's payload bay; the obvious disadvantage of doing thl', is the loss of payload 
bi^ volume. Figure 3.1-5 presents similar performance informatlc x ^or cases not involving 
an rendezvous Shuttle. Maximum pavload can be deployed I • 2 >0 n mi ?inse no OMS 

propellant has been budgeted for rendezvous. 

Since deployment of segments of the SSPS will require their being placed in close 
proximliy to previously orbited segments, the rendezvous performance curve was used 
to determine Shuttle capabilities. 

3. 1.2. 2 Tug 

The S pa ce Tug Is an integral part of Flight Plan 2 operations since it will be used to 
transport, to 7000 n mi, the material delivered to LEO by tixe Shuttle. The Tug used 
throu^ut this ai alysis (see Ref 1) uses cryogenic propellant, is reusable and has Ihe 
following characteristics: 

• Propellant wel^t: 50177 lb (22730 Kg) 

e Burnout wei^t; 5755 lb (2607 Kg) 

• Specific impulse (I ): 456.5 sec. 

sp 

A typical Tug scenario starts with pick-:;^) of a payload from a 190 n ml c* ular oiblt. 
delivering the payload to a *5 000 n ml circular orbit, and returning to th*. i^huttle in the 
origin.' 1 190 n ml orbit. Figure 3. 1-6 presents the Tug deploy capability while performing 
such a scenario. The perfomuu!ce xs listed as a function of the del* the Tug must expend 
to get the payload to Its point of destination. This outbound dol^-V can be related to 
the deployment altitude. The delta- V lequlred to return .tc fi g to Shuttle has been assumed 
to be e^al to that of the outbound leg of the Icurtiev. 

Figure 3.1-7 shows the Tug configuration aul s ’mmarlzes Its payload capability for 
three operation modes. The first, is for the aforementlonc 1 payload deploy scenario; It 
shows (as does Fig. 3. 1-6) that the Tug can deploy 36800 lb i. .••70 Kg) to 7000 n ml. The 
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R9. S.I'S Cryogenic Tug Deploy Performaraie 



TOTAL WEIGHT, LB (Kfl) 
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DRY WEIGHT. LBIKe) 
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56.9-i <75/3371 
50.177 ( 'Ol 
(2Ih .. 

45B.S 


PAYLOAD PERFORMANCE TO 7000 N Ml 

• DEPLOY, LB (Kg) 

• RETRIEVE. • E IKs) 

• ROUN ' rM (>, ..B (Kg) 


36.m >16670) 
19.000 (B60) 

13,500 (5662) 




Fig. 3.1*7 Cryogenic tug C^figuratioh 



second Mode, payload retrieval, has a payload capability of 19000 lb (8607 Kg). The final 
mode involves deploying atid retrieving a payload of edual weight to an orbit (roundtrip), 
and Fig. 3. 1>7 lists 12500 lb (6662 Kg) as the oapabiUty. 

3. 1.2. 3 Solar Electric Fiopulsion ^stem ^EPS) 

lOn propulsion system performance for both Plan 1, which calls for SSPS deUVory 
from LEO to geosyndirmious equatorial orbit, and Plan 2 which requires a similar 
delivery from 7000 n ml is dependent on SEI^ thrust and SSPS weight. Figure 3.1‘>8 
presents SEPS in>pldne performance for a transfer from a 190 n ml circular orbit to geo- 
synchronous orbit (at 28.5**) for various thrust-to-weight ratios. The figure shows that 
iqg>roximately one year is required to readi mission orbit with the lowest thrust-to-wei^t 
ratio being exmsidered: this traversal spends 120 days in the Van Allen radiation region, a 
period during which eiqposed solar cell effectiveness will be degrade by iqjproximately 40%. 
This degradation will be accounted for when sizing the solar array which provides power for 
the ion propulsion system. 

3.1.3 Attitude Selection 

The issue of altitude selection is tied to both the Shuttle payload/altitude capability and ' 
air drag effects. The trades involved with selecting a LEO assembly altitude (Plan 1), 
or a bigdi earth orbit assembly altitude (Plan 2) are centered around the consequences 
of stq>plying a Tug fleet for Plan 2 or an Orbit Keep/Altitude Control Module (OK/ACM) 
for assembly in LEO. Ultimately, the selection becomes one of cost and mission complexity. 
This subsection repoirts the effects of air drag on the SSPS in LEO, and will discuss the 
sizing of an OK/ ACM system required to maintain the SSPS at the selected altitude. 

investigatiem of air drag effects on a satellite is dependent on the value of the satellites 
ballistic coefficient (M/C^A). Throi^out this analysis, two values of M/C^A have been 
investigated, 0. 175 and 1. 75. These values were selected by assuming a total wel^t of 
25 Mite, a C^ value of 2, and an order of magnitude difference In the area into the wind (A). 
The ballistic coefflcioit value of 0. 175 assumes that the SSPS solar cells are covering the 
structure (as they would be In actual use) and that the SSPS has its edge into the wind. The 
ballistic coefficient value of 1. 75 assumes that the solar cells are stored in a rolled window 
shade fauhion, and ffie effective area is 10% of the nominal area. A one degree peuh-to-peak 
oscillation about the center of the SSPS Is also assumed. Since orientation of the SSPS edge 
perpendicular to the orbital velocity vector (edge into wind) follows a sinusoidal pattern, a 
mean area into the wind was computed. The computation considered the centroid of the 
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lirtilt-cycle sinusoid, and resulted In reducing the effective area by 60% over that of holding 
a flxed-offeeUnto the wind, 

Flgbce 3. 1-9 Illustrates the effect of air drag on S8PS altitude over a 24 month period. 
The ballistic coefficient of 9. 175 represents the SSPS with solar cell fully deployed, A 
nominal dynamic (Jacchla) mid-1979 atmosphere and a 96 percentile atmosphere were 
separately assumed. Considering the 95 percentile atmosphere and an Initial altitude that 
Shuttle can reach with «6000 lb (29446 Kg) payload, the SSPS re-enters (assumed to be 75 
n ml) after only one month In orbit. The nominal atmosphere assumption merely adds an- 
other month to the SSPS orbit life and indicates that an orbitkeqp module must be added to 
the SSPS if assembly is to be performed at 190 n mi. The figure shows that SSPS’s with 
initial orbits of 250, 300, and 400 n mi will not re-enter within a year under nominal 
atmospheric conditions. 

Figures 3. 1-10 and 3, 1-11 illustrate the wide variation in oibit lifetime which exists 
for vehicles with the two different ballistic coefficient values mentioned earlier. Figure 
3, 1-10 presents orbit decay diaracteristics for Jhe SSPS at an initial 190 u mi altitude. 

Orbit lifetimes which differ by almost an order of magnitude result when the SSPS solar 
cells are fidly deployed (M/C^jA=0.176) as compared to the case where they are stored in 
rolls. Stonge of the cells then shows two advantages? first, air drag is reduced and 
secondly, solar cell degradation is reduced during Van Allen belt transit. Figure 3. 1-11 
shows similar information for an initial altitude of 250 n mi, and illustrates the distinct 
advantages of assembly at higher altitudes. The question of atmospheric densiiy at 250 n mi 
becomes academic if a ballistic coefficient of approximately 1. 75 can be assured. For these 
cases SSPS assembly could extend several years without even having to consider the addition 
of an orbit-keeping module to the SSPS. Unfortunately, Shuttle payload capability (on 
integral OMS) to 250 n ml is less than half of what it is to 190 n ml (see Fig. 3. 1-4). If the 
present Shuttle la baselined os the SSPS launch vehicle, then fleet size and Shuttle traffic 
considerations dictate that 190 n ml be selected as the assembly altitude. Ihe selection 
presutq»ses that an orbit-keeping module, which uses a reasonable amount of propellant 
over the assembly period (1 or 2 years), can be sized to maintain the 190 n ml altitude. 

The orbit-keeping module h." to supply a force equal in magnitude (and opposite In 
direction) to the air drag force. Figure 3,1-12 presents the forces required to compensate 
for air drag in low earth orbits. A constant force of 11 lb would maintain the SSPS at 190 
n mi during the assembly period. The fact that the structure buildup will be progressive 
over the assembly period has been Ignored. Rather, the consen ative assumption which has 
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been AiAde is that the entire structure exists at the beginning of the orbit decay analysis 
tlTpa frame* An orbit-keeping module has been, sized to maintain the SSPS at 190 n mi 
altitude. It represents a small version of the ion propulsion system proposed to 
transport the SSPS to geosynchronous oibitf and as such, has been sized using the 
procedure discussed in StibSection 3* 1. 4. 

Power from ihe stationkeeping module Ion engine is derived from solar photons Im- 
pii^ing on solar cells. As the SSPS circles the earth in the 190 n ml assembly orbit. It 
will be in the earth's shadow approximately 40% of the time. Since the power source for the 
stationkeeping module will be inoperative during the shadow traverse, the force from the 
engine wlU drop off and the SSPS orbit will decay sUghtly. To compensate for this effect, 
the dirust required from the stationkeeping module has been increased from 11 to 16 lb. 
Characteristics of the stationkeeping module^ which was sized to keep the SSPS at 190 n ml 
altitude under nominal air drag conditions, are as follows: 

e Ihrust 16 lb (71. 2N) 

e Propellant 44 Klb/yr (19. 9 x 10^ Kg/yr) 

e Ibtal Module Weight 89 Klb (40. 3x10^ Kg) 

3.1.4 SEPS (Ion Engine) Sizing 
3. 1.4.1 Sizii^ Procedure 

the factors affecting ion system size and a sizing procedure flow logic are depicted in 
Hg. 3.1.13. Maximizing payload ratio (Xp) Is the fundamental goal in sizing the ion pro- 
pulsion. Unlike chemical propulsion, this is not achieved with ma.ximvim specific Impulse 
(Isp). The reduced propellant weight requirement with associated hl^ I^p must be traded 
against tiie increase in weight of the power sui^ly required to achieve it. The factors 
affecting that trade are: 

s System overall efficiency, « Vjj 

- = propellant utilization efficiency * particles ionized per total particles 

- q p e power efficiency = power in the thrust-producing ion Jet per unit of power 

at the source 

• Specific mass of the propulsion system, a = weight of all propulslor. system 
hardware per unit of source electric power (IbmAwi 

• Propulsion time, t 

• Mission AV. 





I 

I 


PAYLOAD WEIGHT 




OPTIMUM 


MAXIMIZED 

SPECtnC 


PAYLOAD 

IMPUUE 


FRACTION 


• PHOPUUiON SYSTEM 
HARDWARE St 
PROPELLANT WEIGHTS 

• TOTAL THRUST 
REQUIRED 

• TOTAL POWER 

required 


THRUSTER 

DESIGN 

GEOMETRY 


ACCELER 'ING 

VOLTAGE 

REQUIRED 


TK jSTPER 
THRUSTER 


Ion PropuUion Syttem S$iing Facton 


3.1-15 












f 


For a given value of sizing parameter i}t/a and mission dV, there exists an optimum 

I which maximizes the non-propulsive payload ratio. Figures 3.1-14 and 3.1-15 show* 
sp 

respectively, the optimum specific Impulse and oorrespondldg maximized payload fraction 
as a function of i}t/a*. Once the optimum I__ and maximized payload fraction are estab- 
lished, many of the important propulsion system characteristics can be determined. The 
propulsion system weights, total thrust requirement, and total source power requirement 
can be calculated, as shown below, on the basis of a given non-propulsive payload weight 


(Mjj): 

• Fayload + propulsion system welgfht, M^=Mjj/AR (3.1-1) 

• Propulsion system weight, includii^ propellant, Mp^ = (3. 1-2) 

• Propellant wet^t, Mp = - M5^Jaout “ 

• Total thrust required, F = (M_/t sec per yr) I._ (3. 1-4) 

P 

e Source power requirement, P ® F g/2i) x conversion 

factor to KW (^g) (3.1-5) 

3. 1.4. 2 SEPS Sized For Geosynchronous Delivery From 190 N Mi 


Following the sizing procedures outlined in Subsection 3. 1. 4. 1, the characteristics 
of a representative Ion propulsion system for the SSPS delivery mission can be determined. 
The mission parameters assumed are: 

• Delta-V - 16,000 i^ (5000 mps) 

• Trip time, t = 365 days 

• Non-propulsive payload weight, = 26 x 10 Ibm (11.8 x lO Kg). 

The assumed mission delta-V corresponds to an ascension to geosynchronous orbit by 
continuous thrusting from an initial orbit altitude of ai^roximately 190 n mi. A representa- 
tive trip time of one year was selected to Improve the >7t/a sizing parameter while keeping 
within the bounds of thruster system capability for continuous propulsion. Durations of 
approximately 8000 and 3500 hr have been demonstrated in ground and space tests, 
respectively. A three-year continuous-propulsion capability can readily be projected, at 
this time, for the SSPS time frame. 


‘Governing equations for Fig. 3.1-14 fjid 3.1-15 are derived in Ref (20). 
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A moroury projitillant, electron-bombardment ton propulsion system with a solar cell 
power source is assumed to have the follovrij^ characteristics : 

• system efficiency, 17 * 0. 7 

- ?7y = 0.90 

- T? = 0.78 

tr 

• ^cific weight, q = 15 IbmAw. 

Overall system efficiencies of 0, 7 are equaled or exceeded with today's technology. 
The overall system specific weight assumption is based on an asstuned power supply and 
conditioning specific wei^t of 5 IbmAw, in line with projected solar cell wei^ts for the 
SSPS itself, and propellant tankage, feed, thruster, stmcture, etc. , specific weight of 
10 IbmAw. Current values for overall system specific wei^ fall in the range of 65-150 
IbmAw; however, the assumed value of 15 has precedence in literature (Ref 21). 

The SSPS ion propulsion system, therefore, has a value of tjt/& - 17 day-KW/lbm. 

It can now be determined from Fig. 3. 1-14 and 3. 1-15 that: 

• Optimum Igp = 8000 sec 

• Maximized payload ratio, X * 0. 88 

From Fig. (3. 1-1) through (3. 1-5); 

• Total system wel^t, = 29 x 10® Ibm (13. 1x10® Kg) 

6 6 

• Propulsion ss^stem weight, M = 3.5 x 10 Ibm (1»6 x 10 Kg) 

ps 

• Propellant wei^t, Mp = 1. 8 x 10® Ibm (0.82 x 10® Kg) 
e Total thrust required, F = 454 Ibf (2018N) 

• Power required, P = 113,000 kw 

3. 1.4. 3 SEPS Sized For Geosynchronous Delivery From 7000 N Ml 

An ion propulsion system can be sized for a SSPS delivery to geosynchronous orbit 
from the candidate 7000 n mi assembly altitude. The method followed is Identical to that 
outlined Irt Subsection 3. 1. 4. 1. The mission parameters assumed are: 

• Delta-V = 5,000 fps (1562 mps) 
s Trip time, t = 120 days 
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• Non- Propulsive payload welghtf Mj^ » 26 x 10® Ibm (11.78 x 10“ Kg) 

• System effioienoyt ^ » 0. 7 

• Specific weight, o = 15 Ibm/KW (6. 78 Kg/KW) 

Hie resulting SEPS had the following characteristics: 

• Optimum Igp = 4626 sec 

• Maximized payload ratio, 0. 96 

• Total system weight, = 27 x 10® Ibm (12. 2 x 10® Kg) 

g 

• Propulsion system wei^t, M = 1.2 M Ibm (0.54 x 10 Kg) 

P® 

• Propellant weight, » o. 9 M Ibm (0.4 x 10^ Kg) 

• Total thrust required, F = 400 Ibf (1178N) 

• Power required, P = 43, 000 KW 


3.2 ANTfiNNA STRUCTURAL CONCEPT 
3.2.1 General Arrangement 

The MPTS antenna Is 1 km (3280 ft) In diameter by 40 meters (131. 2 ft) deep. The 
antenna is assembled In two rectangular grid structural layers, Fig. 3.2-1. The primary 
structure Is built up in 108 x 108 x 35 meter bays using triangular girder compression 
members 18 meters long and 3 meters wide. The secondary structure 18x18x5 meter bays 
(Section B-E, Fig. 3. 2-1) are used as support points for the waveguide subarraye. Dimen- 
sions of the secondary structure will vary with selection of the optimum subarray size. (Tbe 
18 X 18 meter size Is typical). A mechanical screw jack system (Detail C, Fig. 3.2-1) is 
used as the Interface wlfli the subarrays and provides the flexibility of mechanically aligning 
the waveguides In orientation and position. This feature desensitizes til© configuration re- 
quirements on assembly tolerances and thermal deflection accuracies. 

The antenna-to-spacecraft Interface (Detail D, Fig. 3.2-2), uses a 360" rotary joint 
(azimuth) about the spacecraft (SSPS) central mast and a limited motion (±8® ) rotary joint 
for Nortii-South steering (elevation). The azimuth rotary joint uses two slip-rings and brush 
assembUes for power transfer (Section F-F, Fig. 3.2-2). One routes plus current, the other 
negative. The azimuth drive assembly utilizes a geared rail support structure (Section E-E, 
Fig. 3. 2-2) moU'r driven 4-wheel truck roller assembly. The elevation drive utilizes 
flexible cable for power transfer and a geared rail drive system similar to the mechanism 
used for azimuth control. 

3. 2. 2 Rotary Joint 

A recommended approach for concept definition consisting of rollers and tracks ha 
tentatively been made. Power is iransferred across the azimuth interface by silver 
brushes and slip rings, and across the elevation drive by flexible cable. The orir atlon 
drive Is by DC torque motor with spur gear drive. 

Des.gn of the antenna mechai\ical interface requires selection of the gearing, bearings, 
motor, power transfer device and lubrication. Reference 8, contaittir. iesign details and 
analysis for a space station solar array i stating joint, has be- n i as a source of pertinent 
design data. Applicable data from both Ref T ru. 1 ^ has be cj cated in this roj^rt for 
convenience. 

3. 2. 2.1 Gears 

The choice of gears to meet the 1 arc-min pointing accurav. requirement and 30-year 
life is a major issue in control system design. Depending upon the * • 't of the gear ratio, 


hacklaoh and Jamming in an environment of high torque and low rotational rate, may preclude 
meeting requirements. The basic types of gears include Sfiur gears, helical gears, worm 
gears, harihonic drive gears and bevel gears. The features of each of these options arc 
presented in Fig. 3.2-3. The "no backlash" feature of the harmonic drive, in addition to the 
potential to achieve high gearing ratios with minimal packaging difficulty, would lead to 
selection of this approach. The major problem with the harmonic drive, however, is the 
poor life inhibited in limited tests of these gears. The worm gear approach, particularly 
for the elevation drive, Is not recommended because of alignment difficulties, high friction 
and the inability to drive the gears backwards. A spur gear drive would provide a simple 
positive traction for transfer of torque; however, the design of gear teeth would have to 
provide a significant positive safety margin to preclude tooth breakage. Wear is not con- 
sidered a problem due to the low speed environment. 

3. 2. 2. 2 Bearings 

Bearings for the MPTS Interface control system should be rolling-element types to 
provide the lowest friction possible. Options for selection include ball bearings, roller 
bearii^s or individual rollers. The individual roller approach was used in the SSPS design 
shown in Fig. 3. 2-2. This approach results in high friction and has questionable fatigue 
life. A ball-bearing approwh would minimize friction and provide better fatigue life. The 
large diameter (65 meters) of the azimuth interface would cause problems in des^pi and 
assembly of conventional, machined-race, low-friction bearings. Because of (he ball bear- 
ing design problem, it is recommended that the individual roller and track bearing arrange- 
ment be retained. 


Further study and definition should include assessment of the following: 


e Static load capacity 

• Dynamic load capacity 

• Fatigue life 

• Stiffness 

• Friction 


• Tolerance to thermal gradients 

• Lubrication 

• Materials 

• Maintainability 
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3. 2. 2. 3 Motors 
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The following summarizes the motor requirements for the MPTS .*nechanical.system 
interface: 


Motor 

Characteristics 

• Torque (peak) 

• Horsepower 

• Time Constant 


Azimuth 

Drive 

1.02 X 10® N*m 
0.18 

Less than 0. 1 soo 


Elevation 

Drive 

2.83x10® N*m 

1.8 


Figure 3.2*>4 is a list of typical motor types Hiat are considerations for the servo 
system design. 

Control dynamics computations indicate that less than 134 watts power drain is 
required to drive the antenna in azimufo; however, startup inertia and response to control 
the effect of base dynamics will require a hi^ starting torque motor. A DC motor is well 
suited to this application. The long life requirements (30 years) favors the brushless DC 
torque motor, though these devices are slightly heavier and less eMcient than brush motors. 
Figure 3. 2-5 presents a conceptual design for the rotary drive mechanism. The total weight 
for motors, gears, idler wheels and drive wheels is 12, 024 Kg. 

An attractive option to the motor-gear system would be the use of linear step motors 
mounted around the periphery ci the drive assembly support. These devices have an 
excellent thrust- to-Weight ratio (10:1) and would eliminate the wear problems associated with 
gears. Figure 3. 2-6 is a conceptual layout and weight estimate of a three-phase Variable 
reluctance linear motor system. A significant weight reduction relative to the motor gear 
approach is indicated. The attractiveness of this approach in terms of reliability, simplicitj' 
and low weight strongly suggest tihat technology efforts be Initiated to determine the feasibility 
of application to the MPTS rotary Joint drive mechanism. 

3. 2. 2. 4 Power Transfer Devices 


Figure 3.2-7 summarizes power transfer options and the major considerations in 
selection. Consideration of all factors leads to a tentative selection of slip rings for the 
azimuth drive and flex cables for tV elevation drive. 

3. 2. 2. 5 Slip Rings and Brushes 

A possible configuration would employ two coin silver slip flogs around the mast 
mounted near the roller tfacks for gap tolerance stability-. Self-lubricating brushes would 
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3.2-4 Typical Motor Optiom 



MOTOR DRIVEN 
GEAR 


cable/seqmenteo gear rack 



CABLE 


IDLER WHEEL 


FIXED" STRUCTURE 


AZIMUTH DRIVE CHARACTERISTICS 


ANTENNA SI^EED 
GEAR REDUCTION 
MOTOR SPEED 
MOTOR TORQUE 


0.728 XIO'^ RAD/SEC 
,S 


2.47 X 10' 

18.4 RAO/SEC 

2.8 FT/LB 
(3.8 N ml 
24.066 LB 
(10938 Kgl 

WT, DRIVE TRUCK A CABLE > 2389 LB 

(1086 Ks) 


WT. GEAR BOX & MOTORS • 


Fia.d.2*S Rottry Drive ConMiit 
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bo spring loaded and made of silvor/niobium dlsolenido carrying from 7.75 x 10^ to 15,5 x 
10 amp/m (60 to 100 a p/ln. ). Brush pressure would be from 27,650 to 68,940 N/m 
(4 to 10 psi). Brush speed is low, so no arcing problems are anticipated. Brush height would 
be designed for the life of the SSPS at very small penalty, or Ufe/reliablllty goals could be 
met by an unloaded set of standby brushes to be actuated by command udien wearout of the 
initial set was imminent. Life predictions for such designs have been estimated to be 
possible for over 100 years. The main problem is providing for oil vapor lubrication to 
supplement the NbSe2 solid lubricant. Oil vapor lube extends the life oi brushes, but re- 
quires some form of reservoir and labyrinth seal to minimize vapor loss. Mass estimate 
has yet to be made, but die specific weight will probably be small relative to structure, 
bearings, and buses. 

Figure 3. 2-8 is a schematic of the slip ring and brush design concept for the azimuth 
rotary joint. The total weight of brushes and slip rings is estimated at 1100 lb (504 Kg). 

Slip rings and brushes possess a well-developed technology and have unlimited rota- 
tional freedom in one axis. Their performance is not degraded by stopping, starting or 
reversing. Slip rings have high reliability over long operating periods. Slip rings, however, 
are relatively heavy and because of their large size would present problems in assembly. 

The major consideration to overall system design is the high thermal inputs to the structural 
interface due to losses at the brush slip rli% interface. Figure 3.2-9 and 3.2-10 sum- 
marize ^e operating temperatures and voltage drop for some candidate brushes and slip rii^ 
combinations. Considering a system power level of 5 GW and a voltage level of 20 KV, there 
will be ^proximately 20, 000 amperes per bus bar. To achieve a medium current density of 
7. 75 amperes per square meter requires 3,23 square meters of brush/slip ring contact 
area. According to Fig. 3.2-10, the voltage drop across the brush/slip ring interface will 
be approximately 0. 2 volt which will generate 40 KW of waste heat at each interface. To 
ensure reasonable operating temperatures for the brushes, methods for efficiently "dumping" 
this waste heat should be considered. 

3. 2. 2. 6 Liquid Metal Slip Rings 

No information on successful a*" licatlon of this concept has been uncovered to date. 

The state-of-the-art is such as to leave most questions unanswered, so development risk 
is considered high. Reference 8 gave no technical information relative to liquid slip rings 
but did not list them with SKF as origin. SKF had tried to use a mercury liquid metal slip 
ring for instrumentation noise suppression on a 24,000 rpm bearing research program but 
had dropped development In favor of a silver/ silver graphite solid brush system. 
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Liquid sodium has potential as a slip ring liquid because of good conductivity, wetting 
and viscosity charactevlstics. Theoretically, such a device would carry current with low 
power loss aud low torque drag. The main problem is foreseen tis development of a long life, 
low friction seal to keep the liquid contained. Such a seal would be sensitive to temperature 
change, contamination, and corrosion. It might prove difficult to lubricate anti on-line 
maintenance or seal replacement could prove complicated. 

Because of high development risk, lack of design information, constraints on structural 
configuration, and lower life/rellabllity rating than conventional slip rings, liquid metal slip 
rings are not recommended for baseline development but should be considered as a potential 
technology study* 

3. 2. 2. 7 Bower Clutch and Flexible Cable 

A power clutch holds two contacts fixed together while they move through part of a 
revolution, and then the contacts break apart and reset to an Initial position, and the cycle 
repeats. The relative motion is allowed for by a flexible cable. For SSPS application, two 
sets of contccts would be required so one could carry the load while the other reset. The 
advantage is a lower contact resistance and lower wear rate than with brushes and slip rings, 
but tile greater mechanical complexity and redundant mechanism required would probablj 
trend toward high'^r weight and lower reliability, 

3. 2. 2. 8 Rotary Ti xnsformer 

A rotary transformer could be designed to operate at high efficiency w.‘h n> wear 
(no contacts, but the high efficiency would require heav> core material and a close fUfrance 
gap. Since SSPS is a DC system, an additional penalty would have to be added for Dt C-DC 
power conversion. Rotary transformers do proiide low friction and should be conc^idei.* 1 as 
a potential technologj' study. 

3. 2. 2. t Rolling Contact 

A rolling contact device transferring power through either m s or bearings is Ineffi- 
cient as an electrical conduction patli i'ccausc contact area? we ssentially lines or points 
unless there is deformation - in which case natal fatip’" ’ a omes a problem, ll is not 
rcconomended. 


3,2,2.10 Lubrication 


Lubricant options Include oil. grease and solids. Fi,; 
data from Ref summarize test data on various eondidatc oils 
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Fig. 3.2*11 Friction and Wear Prodertias of Oils (Four-Ball T«t) 
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requltamont le the mdflt slgniflctmt consideration, with little or no data to support a 6t-'U;cilon. 
Voc Kote lubricants have proven highly reliable in OSO and other spncocraft slip ring, gear 
and motor applidatlons. Greases have tho same basic charactoristlcs as the oils with 
appropriate thickening agents added, Groasos should ho used only whore leakage Is too high 
to retain an oil. Solids would have application for slip ring and motor brushes, 

3. 2 . 3 Pflmary/Socondary Antenna Structure 

Tho basic structurb consists of 20 major beams perpendicular to each other to form 
a grid of squares 108 motors on each side. Tho secondary structure located within these grids 
form a denser grid of squares 18 meters on each side. The major beam "upper" caps are 
glrder/columns consisting of three longitudinal members equidistant apart. At appropriate 
intervals, cross bracing and tension wires are added to balance die shear loads. The 
"lower" cap of the primary structure is identical to the secondary structure which is a beam 
consisting of girder/columns five meters apart. These are of similar construction to the 
primary members but scaled down. All beams are given shear capability by virtue of wire/ 
cables connected in the manner of a drag truss. Horizontal shear capability is obtained in 
a like manner by attaching cables at the upper beam caps across the 108 meter bays. See 
fig. 3.2-13 for a typical 108 meter bay structural arrangement. 

3.2.4 Stmeture/Wa oguide Interface 

Two methods of attaching tlic waveguide assembly to the secondary stmeture have been 
identified: 

• The Single Point PicLup (Fig. 3.2-14) consists of a tM’o-axis motor driven g; ahnl 
located at each is meter intersection. Lugs on this unit attach to composite 
structural members wMch support the waveguide assembly and effectively ria’ eu 
any conductive heat transb r. The gimbal provides means of varying the anting 
attitude of the waveguide assembly to account for structural/thcrmal deformations 
ii tl e structure. 

• The Three I’olnt Support (Fig. 3.2-16) requires three motf*r v.. von screw jacks at 
each IS meter intersection. Eat ' one is mounted or i . av x\1s gimbal which, when 
coiq)lcd to the screw jack action, provu'es rotatic.ul oi.d translational adjustment. 
Conductive heat transfer Is minimized b> < i . > of composite fittings to Interface 
with the screw jacks. 
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3. 2* 5 Antoima Weight and Mass Properties 

Weight of tibe struotural Installation for the SSPS microwave antenna evolved from 
considerations and analysis of the effect of weight on antenna slse, materials and coatings, 
type of oonstruotion, manufaotaring tolerances, deployment and space assembly, carrier 
system integration, SSPS life reqtdrements In (q>aoe environment, and thermal design re- 
<|alrements. The assumptions, weight drivers. Weight trades and the resulting detail weight 
estimate for the antenna structure is included In the following discussion of study results. 

3. 2. 5.1 Antenna Structure Weight 

Weight of the wntewna strUCtttre itemized In Fig* 3. 2-16 is 410920 kg (904032 lb). The 
assumptions made to estimate weight are: 

e Antenna diameter: 1 Km 

e Material: Graphite/epoxy with thcmml coatings (weight of graihlte/polyimide is 
same as for graphite/epooQr) 

e Primary Structure: Rectangular gprid beams at 108 meter Intervals. The structure 
is built vcp from Structural beams 18 meters long, each of which is constructed from 
three longitudinal members 18 meters long braced at 3 meter intervals. The height 
of the primary structure Is 35 meters 

e The secondary structure is built ig> &om 18 meter beams braced at three meter 
intervals. The secondary structure height is 5 meters and for. ^jb the grid for 
antenna electronic equipment stqpport and Spans across the primary structure 
spacing of 108 meters. 

e Weight penalties for fiie power distribution bus are not included. 

3. 2. 5. 2 Alternate Materials and Structural Shiq>e Study 

Weight study results considering two types of struotural shig>es (tubular aiui triangpilar 
hat sections) and two materials (2024 T-6 Aluminum and gpnqhite/epojQr) show ihat; gnq>hite/ 
epoxy is 41% lighter tean aluminum for a tubular section and 21% lifter for tiie triangular 
hat section. The triangular hat section is 40% heavier than the tubular section (in graphite/ 
qpory) (Fig. 3.2-17 and 3.2-18). 

3. 2. 5. 3 Wel^t Parametrlcs and Drivers 

e Loads - The primary atttenna loads are Introduced into the anteima by the control 
actuators which must overcome tee slip ring force. Gravity gradient, atmospheric, 
and magnetic forces are small when compared to tee actuator force. 
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• T6MI»gBATURe."F 

• MODULUS OF ELASTICITY, P8I 

• DENSITY, LB/IN.^ 

• THICKNESS RANGE. IN. 


• WEIGHT 

- sUbarrayfrimary structure 

- SUBARRAY ^CONOARY STRUCTURE 

- ANTENNA SUPPORT STRUCTURE 

- YOKE AND MECHANISMS 

- COATINGS 

- AMPLITRON SUPPORT 

• CONTOUR CONTROL ACTUATORS 

• AMH>LITRON ATTACH 8TR 

TOTAL 


(2024KU 

3SB 

flXtoP 

0.101 

0.008 TO 0.011 


LB 10^ KG 


(GR/EP) 

400 

OXIfll® 

0X166 

diX» (3 PLIES) 


LB (ion KG 


104 

1 

47 

Si 

1 

24 

62 

1 

24 

90 

1 

4i 

44 

1 

20 

268 

1 

122 

36 


16 

647 


294 
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• TEMPERATURE.®!' 

• MODULUS OF ELASTICITY. PSI 

• DENSITY. LB/(N^ 

• THICKNESS RANGE. IN. 


• WEIGHT 

- SUBARRAY PRIMARY STRUCTURE 

- SUBARRAY SECONOARV STRUCTURE 

- ANTENNA SUPPORT STRUCTURE 

- YOKE AND MECHANISMS 

- COATINGS 

- AMPLITRON SUPPORT 

• CONTOUR CONTROL ACTUATORS 

• AMPLITRON ATTACH STR 

TOTAL 


ALUMINUM 

COMPOSITES 

(2024^) 


(GR/EP) 
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BXK^ 


afol 
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0*020X00*066 1 

ta 

Si 

K| iid*i 

Si 

300 1 
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2D7 1 

94 

103 1 

47 

66 1 

30 

233 1 

106 

167 1 

71 

146 

66 

122 

66 

46 

21 

49 

22 

1 

266 1 

122 

268 i 

122 

61 1 

23 

36 i 

16 

1147 

622 

904 

411 


Fifl. 2L2>18 Aiittniw Wcilglht Contpariion (Aluminum «t CompoiitM Triangular Hat Suction) 
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• Materials - Materials considered for further analysis during the study were 
anodized aluminim and grt^ihlte composites. The latter appears to be a promising 
choice for the antenna structure due to its lower thermal e]q)an6ion add hi^ 
Sti^ess/density ratio. 

• Element Member Shape - Two structural shapes were considered in the wei^t 
analysts, namely thin walled tube and a triangular hat section. The triangular hat 
section, al&oi^h heavier than the tube, has considerably smaller thermal gradients 
across the section and is therefore a more desirable section. 

• Type of Construction -> T\ o mediods of structural arrangement have been compared 
on a wei^t basis; rectangular grid and a radial grid. The results showed diat the 
rectangular grid has a 25% wei|d>t advantage oyer die radial design. 

• Manufacturing Tolerances - The wall thickness tolerances on standard commercially 

available tubes are ±10%. A + 10% tolerance on tube weight would increase the 
antenna struchired weight by 13,600 (30000 lb). 

• Antenna and Antenna Bay Size > During Task 1 of this study, dntenna sizing relation- 
shipS were established to aid in selecting major antenna dimensions. Figure 3. 2-19 
shows the result of these studies using early configurations. The trends are walid 
for die final reported configuration weight. 

• Antenna Mass Properties - Figure 3. 2-20 gives the weight, center of gravity, and 
moments of inertia of the SSPS antenna. The moments about the antenna center of 
gravity and about the azimuth yoke pivot are given for a total SSPS antenna weight 
of 1. 67 X 10® kg. 

3. 2. 5. 4 Antenna Structural Weight Derivation 

The antenna structural weights were derived using the results of preliminary load, 
diermal, and stress analyses together widi "Structural Arrangement for the MPTS Antenna" 
(DWG No. MPI^OOl). Individual members were sized using a weight optimization technique 
which equates the Euler column buckling stress to the local buckling stress and the applied 
stress. The sections resulting from this analysis will be optimum for given material 
preporties, section shtqie loading requirements and end fixity requirements. Figure 3.2-21 
summarizes the weight, dimensions and quantities of the elements and beams which make up 
the structure of the SSPS antenna. Included are weight estimates of the antenna azimuth and 
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1. MASS PR0P6BTIES ABOUt ANTEWWA C.Q. 


WClGjjT 

X 

Y 

Z 

IXX«M» 

Iyy<co) 

i^(cd} 


3.68x10* LB 
466 FT 
0 
0 

l2S}S6xlO*SLUG-rr2 
66332x10* ** ** 

66332x10^ SLUG " 


(1.67x16* Kg) 
(142M61EIIS) 

( 0 ) 

to) . « 

(170487 x1(to KgAII*) 
(88926x10* KgAt*) 
(89026x10* KgM*) 


2. MASS FROPEBTiteS ABOUT PIVOT 


WEIGHT 

3T 

Y 

Z 

IXxtolVOTI 

iVY(EIVOH 

•zztoivdTi 


a08xlO*LB 
466 FT 

91168x10* ** •* 

91109x10* ** •» 


(1.67x10* Xgt 
(142MEtERS) 

( 0 ) 

(170487x10* Kg) 
(123897x10* KgOi*} 
(123607x10* K»M*) 


Fig. 3.2-20 8SF8 Mieroww* AiAmww Mm FtogtrOw 





QRHHKii; PAGE IS 
OF POOR QUALITY 

3.2-24 





Fif. 3.2*21 AmtmwStniettmWMtht 



• elevation Joint mechanisms. Figure 3.2-22 through 3,2-32 give the detail sizes and assiunp* 

'I tions made for each item in Fig. 3. 2«>21. 

An investigation was made to consider the use of a Linear Induction Motor (LlM) for 

I the rotary J'Hnt actuation in lieu of a motorized gear drive. Figure 3. 2-33 compares the 

weight of the motorized gear drive with a large (400d lb)UM used on the TACIlV (Grumman 
« ' contract to the Department of Transportation) and a multiple step motor concept. The 

' fliitennn requirements of low speed and high torque make the multiple step motor a contender 

as the ('rive for the antenna. 
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• UPPER AND LOWER CAPS 
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3. 8 CONFIGURATION ANALYSIS 

3.3.1 ContBol Analysis 

Hie diaractericftics of a phased array Microwave Power Transmission System elimi- 
nates the need for mechahioal flne pointing of the antenna. Signal phasing compensates for 
misalignment and distortions in antenna surface up to 1/16 of a wavelength with minimal loss 
in transmission efficiency. An overall antenna misalignment error of ± 1 arc-min can be 
tolerated by the subarri^. Hie purpose of this subtask is to define the environment and 
load requirements for the design of ttie antenna pointing ssrstem servomechanisms, define 
the best accuraqsr that can be achieved with this system and identify the likely design 
approach. 

3. 3.1.1 %>acecraft Torque Environment 

Figure 3. 3-1 summarizes the torque environment for tiie baseline SSPS system 
(Ref. 2). Torque caleulattons are based on the configuration data presented in Fig. 3. 1-2 
and the following additional groundiules: 

• Baseline orbit - equatotlal geosjmchronous 

e Baseline attitude - long axis (X-axis) perpendicular to orbit plane, tihe solar arn^ 
normal (Z-axis) parallel to tiie projection of the sun vector onto the orbit plane. 

the eternal disturbance torques are induced by aerodynamic, solar pressure, magne- 
tic and gravity gradioots. Gravity gradient torque predominates the Induced torque environ- 
ment by several orders of magnitude and will be the only source of external torque used to 
define mechanical system requirements. 

Control s^tem torque levels are limited by SSPS structural bending. A force level of 
3980N (66Z-lb) used for orbit keeping Snd applied at the comers of the sOlar array, was 
found in Ref. 3 to be the maximum force at which structural deflections can be limited to 
± 1 deg. This force, however, induces symmetric bending and does not affect antenna 
motion. A 44. 5N (10 lb) ootq>led Jet firing is used for attitude control and induces anti- 
symmetric bending modes which do impact control System design. 

3. 3. 1.1.1 Antenna MoUott Relative To Spacecraft - Figure 3.3-2 shows a typical system 
that prO\'ldes rotation in azimuth and elevation. The azimuth rotaiy Joint is located at the 
mast interface betweoi the antenna assembly and the solar arrays. Azimuth motion is pro- 
vided by variable speed motor drives located at this interface. An actuator for elevation 
control could utilize proportional linear control (worm gears and linkage) and would be 
located at an offset distance from the main antenna-to-mast rotaiy* joint. 
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tORQUE ‘Ttl 




MAGNETIC 


T„ “ 138 n«wtoiw«eter 
nOOft-JbJ 

* Esso newtoiHneter 
^ <4i00ft-lb) 




- SlOOnmrtbnm/dcg 
dfviatiori 
(23.000 ftib/degi 

• 27 1(X) newton m/dt0 
deviation 

(10,000 ft-lb/dea) 

• 12.1 X 10^ novton*m 
(8.97X lOft Ib) 


6.784x10^ 

nMrton*meter 

(4.979 X 10® ftib) 

7.8x10® 

nexrton-meter 

15.78 X 10®ft-lb) 

7.9 X 10® 
n4wton>meter 

(5.78 X Id® ft ibj 


COMMENT 


At an altitude of 19,333 n ml, the attilotpharic 
density is equhalertt to dte piesma proton density: 

■ 3.4 X 10'** kgm m® 

(3.0 X 10*2® slU9/ft®l 
The resulting force on the SSPS Is: 

6jl22.4x IO:® Newtons 
(5x10'®lb) 

The reiatNely low magnitixfe and nesulting torque 
can be ignor^ as a factor in ded(p) of mechanical 
intertee (Ref. 1). 


Total Solar Collection area ® 49 x Ifli® m® 

Solar iVessure Constant “ 46 X lO"® newlon/m* 

Separation of Cp from eg ■ 2Sm (Ref. 1) 


Adjacent 

Early unit magnetic field in the system hat 
opposite polarity with a net magnetic torque 
of approximately zero. (Ref. 1) 


The system X axis is perpendicular to the orbit 
plane resulting in zero nominal torque about y 
and z axis. Small limit cycle motions (ilO) Cause 
destabilizing spring torques. The y and z axis 
rotate through 360" per orbit and produce 
torques with the max value shown when y and x 
axes are at 4S^ to the vertic i. The period of this 
disturbance is twice a day. (Ref. 1) 


Impulsive jet fortes limited to 667 lb to limit 
SS^ structural deflections to less than 1 1". 
(Ref. 1) 

Max torques assime coupled firlngi 
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The elements defining retjulred motion of the ^tenna relative to the sjthoeoraft Inelude 
the nominal motion between the sim«orlented SSPS and the earUi pointbg antenna, the normal 
SSPS control system limit cycle, and the bendbg motion of the SSPS mast at the antenna 
Interface. Ibe 6nee-a-day 360*' rotation of be antenna relative to the long axle of the solar 
t»inting spacecraft Is required to maintain boresig^ polntli^ to the rectenna. Additional 
aT i t*>"na motion in azimuth and elevation is required to compensate for normal f space- 
craft limit cycling. The modal characteristios of the ^PS affecting the antenna elevation 
drive is shown in Fig. 3. 3-3. The normalized modal displacements, and the normalized 
modal slopes, c, corresponding to eaOb mode, are identified at the ends of the axis where 
be control actuators and sensors for be S^F£I are located (data presented in Ref 4). Also 
included is be anti-symmetric mocte shape used to determine movement at be antenna 
interface drivmi by a coupled firing of be 44. SN SSPS attitude ccmtrollers. Maximum 
antenna motion due to bending will be approximately 0. 15* at a frequency of O.dlS rad/sec. 

Figure 3. 3-4 summarizes be systmn angular motion requirements for design of 
mechanical interfaces between be spacecraft and antenna. Control error signals will be 
sinusoidal wib a frequency equal to b^ of be SSPS control system limit cycle. Anti- 
symmetric bending motion is siqtorimposed on be basic control motion. The minimum 
rSt6 is cqual to orbital rate, while minimum rate in elevation is zero. 
Mayitwiiw egimuth rstes occur just prior to SSPS jet firing and are induced by gravity 
gradient torques. Maximum accelerations occur at jet firings in azimub and at peak energy 
points in be anti-symmetric bending oscillation in elevation. 

3. 3. 1.1. 2 Antenna Disturbance Torques - The rotary joint configuratiott shown in Fig. 3.2-2 
consists of four equally spaced rollers attached to be solar array mast (Ref 5). The rollers 
sUde on a track incorporated on be rotating mast. Ibere are two sets of rollers at each 
rotary joint. Each set of bearings transmits bending moments brougpi be mast segments 
by normal loads in each set of rollers. The critical mast bending moments result from 
loads induced by spacecraft gravity gradient correction torques. These torques produce a 
3600N*m bending nmment whlcb results in rolling friction torque Of 1077N*m in each set of 
rollers. (Ihe Teflon coated rollers have a Coefficient of friction against rolling of 0, 05. ) 

The slip ring brushes also induce frictional torques. Contact pressures between be 

2 >2 

brushes and rotary joint ring will vary betweea 27,560N/m and 68, 940N/m (4 and 10 pai) 
for optimum power transfer. At an assumed System voltage of 20 KV and a brush current 
rate of 7.76 x 10^ A/m^ (50 A/in\ 0.45m^ (10^ in^) of brush area iS required to transfer 
10 GW of power. The total iwrmal force is 4. 45 x lO^N (lO^lb) at a Coefficient of friction 
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of 0.1 and a maat diameter of do meters, 1.02 x 10 N*m (75 x 10 ft-lb) of torc|uo is Inolufied 
by the slip rings. Figure 3. ^5 shows this torque variation with power level. 

Antenna gravity gradient torques on the rotary Joints are calculated using the equations 
shown in Fig. 3. 3-6. The disturbance torque is approximately 354N*m/dcg (260 ft>lb/deg) 
offset between the antenna boresight and the local vortical. The nominal antenna azimuth 
angle Is offset 2. 6^ as a result of locating the spacecraft at the stable node point, 123^ West 
longitude, and the rectenna at 104^ West longitude. An additional 3. 5** offset results from 
eooentrlcity drift caused by solar pressure on the solar arrays. The elevation angle offset 
Is 6.5* caused by locating the spacecraft on the equator and the rectenna at 40* North 
latitude. 

The next highest disturbance m the antenna servo system results from electromagnetic 
radiation forces. An estimate of the force created by the electromagnetic energy radiation 
from the has been computed (Hef 6) assuming a total power iiqpUt of lO^^ watts and 

a frequent^ of 3 GHz* The force is ealculated tor replacing the electromagnetic fields at the 
aperture of the slot array by equivalent current sources and computing the forces on the 
image currents which replace the aperture ground plane. The resuim predict an elecfro- 
m.ignetic force pressure of 2. 3 x lO'^N/m^ normal to the antenna and a corresponding total 
force of 18N. 

Although the electromagnetic forces do sot place a significant design requirement on 
the control system, the constant force in the mdial direction does require the SSPS 

to nftwttnOftlly perform orbital corrections. An acceleration along the radial direction does 
not significantly modify tile energy of the orbit. The orbit will develop an eccentricity but 
the orbit period will remain almost constant. The force of 18 Newtons will cause a r^'dial 
perturbation oi 

1.852 km (1.00 n mt) 

by the 80ih day. (This same acceleration along the velocity vector would change the semi- 
major axis by (120 n mi) in the same time. ) The ptopellantr requirement to make an altitude 
correction of 1.0 n ml for an SSPS of 10^ slugs and an ISP - 8000 seconds is, 

WpSr 6.7 kg as lb) 

This would be equivalent to a yearly propellant requirement of, 

Wp s 30. 8 Kg 168 lb) 

3. 3. 1. 2 Pointing and Control 

Qualitative and limited quantitative data has been generated for defining mechanical 
steering of the transmitting antenna. This data will be used In an overall assessment of 





mlerowavo Ijoam plmfic front c ontrol. The rennltn of thin effort Indlenti^ Ihnt rnfchnnlcal 
flteerlng of the antenna to accuraclea bother than 1 arc-mln a:o readily achieved without 
attbhtanti^ Increaflo In contxol aystom torque or horsepower requirements. 

Figure 3.3>7 summarizos control system design used In preliminary nsseasmont. 

Tbe initial response of the motor drive will be to relieve torque loads on the antenna Induced 
by spacecraft (SSFS) disturbances. Those spaceclraft disturbances include gravity gradients, 
modes, add normal satellite limit cycling with a time constant of 12 hours. 

%>aceoraft bending modes coujde tbrou^ the rotary Joint and are of the form: 

d s A - 008 ujt* 

S B 

Tbls motion Is ooiq;>led into the antenna throuc^ rotary Joint friction In bith elevation and 
azl muti*. Antoma motion of the form 

9 » Asin (Ugt 

due to spacecraft lending dydamics whidi is co< 4 >led into the antenna only in elevation. This 
occurs because the antenna system uses only a 2>axi8 gimbal system. This coupled inertial 
load Into the antenna is relatively small. 

The gmvtly gradient disturbance baa been neglected in this study because it is orders 
ot less the ooiqpltng disturbance and friction torque. The satellite limit 

cycle is also nef^ected with the rationale that the 12-hour period is aufDeiently long to 
assume that steady stotc oonditiooB mdst. 

The preliminary iqratem design is modeled as a motor directly driving the antenna 
thiott^ a Gearing dynamics and selection can be made wito detail analysis at a later 

date. A study of control torque requirements and power requlremmita indicate that they are 
insmisitive to vaiiaticnis of control frequmicy within the range studied. The system size 
requirements to achieve 1 arc-min are: 

As: 1.02 X Id® N*m torque; 

0.18 hp 

El: 2830 M*m torque; 

1.8 hp 

3.3.2 Themal Evaiuatiem 

During Task 1, the analyses were centered about studies of the sensitlvitj' of temper- 
ature level and temperature gradient withlii the antenna sup: crtlog structure (Fig. 3. 3-3> to 
parameters such as ainteiinn size, power transmitted, efficiency of microwave converter, 
thermal radiation properties of structure, and spacing of structural elements. 
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tnilpose of seleotiog oaadldf^e luaterials for the support struoture, the maximum 
oqMOted ten^eratiive must be determined. Should the support etruotuTe be ueed as an 
electrical dlatrlbutlcsi syitem from the solar arrays to the microwave oonverters* temper- 
ature level will also be reared to establish the eleotrloal resistance of the conductors. 

Reference 11 states that the antenna power transmission dlstrlbutkm will be Gaussian 
In cross-section. With the present method of reject!]^ heat from the microwave converters 
the radiant heat fhix to the antenna siqiport structure will also have a Gaussian distribution. 
Figure 3. 3-d gives Such a distribution for a 1 km diameter antenna transmitting 10 GW with 
a microwave converter efficiency of 90%. 

Hie structural temperature will occur in the member that is <dosest to the 

center the antenna where the radiant flux is maximum. Temperature magnitude will 
depend on the a ratio f" the element, tiie geometric shape the element._|o a minor 
extent the distance Of the element from Ihe antenna surface dov distances tqp to 30 meters 
the variatton is less tiian 5^K) end. to a major extent, the magnitude of die radiant fltix at 
the center of die anteona. Ibis last factor d^eids on microwave converter efficiency, 
spacing and power transmitted. 

Figure 3. 3-10 Shows maximum structural tenqieratures as a tonedon transmitted 
power tor three antenna diameters and two microwave converter ^ciencies. Ihe three 
basic trends are: 0.) Increasing the transmitted power increases the maximum structural 
temperature. (2) increasing the efficiency the microwave power converter decreases the 
nifiTtiturtn stmotural tenqperature. and (3) increasing the diameter of the antenna decreases 
the TWMri imiin Structural temperature. 

After oompletiau of Task 1. Raytheon selected the following values for the antmma 
parameters (Ref 13): 


• Antenna diameter 

• Radiated pouter 

e AmpUtrem Otttinit power 

• AmpUtion efficiency 

• Klystron ou^t power 
e Klystron efficiency 

e Illumination 
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TWa lllumtoatlon dlatrlbutUm results from a mlCKWave converter spacing given by: 

L=L^e*p ((r/466)*) 

An analysis by R^uon revealed that 87.5% of the waste heat generated In the micro- 
wave converter tubes would be radiated towards the antenna support structure, with the 
remaining 12.5% being radiated out of the opposite side of the aateUUa surface toward earth. 

Ifiermal analyses of the following key problems were performed using the above values 
for toe M1>TS parameters: Geometry of beam c^ elements, temperature difference between 
team caps, column temperatures, and effect of microwave converter spacing on toe waste 
heat profile With its attendant effect on beam and column temperatures. 

3. 8. 2. 1 Geometry of Beam Cap Elements 

This study Involved determining the maximum temperature and toe temperature 
difference wltoln structural members having tubular, hijdi-hat and triangular cross-sections 
(Fig 3.3-11 and 3.3-12). Maximum temperature IS important from the materials selection 
and atr^ stam^lnt. while temperature gradient is Important because of the Induced 
thermal stresses. The structural members considered in this study are toose that make up 
toe beam cap and are in a plane parallel to toe antenna surface (Fig. 8. 3-11). (Members in 
a perpendicular plane were considered separately. ) They ahe heated by radiation from the 
hot surface below it. Tor this study the anteuna surface at the center was taken to 

have an effective temperature of 60 o"K whldi Is approximately the situation when the antenna 
is 1. 0 km In diameter and transmitting 6. 45 GW With a microwave converter efficiency of 

75%. 

The temperature analyses were performed by subdividing the particular geometry into 
nodes (between 8 and 11, depending on the shape) and determining the radiation couplings 
between the nodes themselves and between the nodes and the antenna surface as well as deep 
space (Fig. 3.3-13). The computer programs CONFAC (CONfiguratlOn FACtor) and AFl 
(script F) were Used to determine the 50 or so significant radiation ooi^llngs. Conduction 
effects were neglected, which Is a conservative abroach, pending material and thickness 
selections. Once the mathematical me lei of a geometry was estabUahed the computer 
program SSTAl (Steady-State thermal 'nalysls 1) was run to evaluate temperatures. The 

results of the investigation are dlscusse ext. 

3. 3. 2. 2 Tubular Cross-Section 

Figure 3. 3-* '-esents the maximum .mperatUre that a structural member with a 
oross-section will e:q;)erlence as a function of the effective antenna surface 
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temperature. Tho tube outer surface was taken to have an emlsstvlty of 0. 9 (e. g. white 
paint). Three values, 0.1, 0.4 and 1.0, were used for the emleslvity of the Inher wall, and 
as expected, the higher the omiSslvlty of-the inner wall, the lower the maxlmutti temperature. 
This is due to the increased thermal communication between tiie hot bottom and the cool top 
afforded by the higher inner wall emlssivity. Figure 3. 3-15 shows the temperature differ- 
ence between the bottom and top of the tube for the three interior emlsslvltlea. Titese 
temperature dlHerenoes induce bending stresses vrtthin the tubes. To sustain these induced 
stresses, the tube wall must have a minimum thickness. Based on Fig. 6 of Ref 2i, Fig. 

3. 3-16 was generated. It is apparent from this figure t h at stresses Induced in aluminum 
are considerable and that the required tube Wall thickness wofid have to be an order of 
magnitude greater fiian that required for a graphite/epo^qr tube, furthermore, toe need to 
paint the Inside of aluminum tubes black is obvlOus, otherwise the required tube wall thick- 
ness will lead to an exOessively heavy beam. For example, a tube diameter of 0. 1 meter 
requires a minimum tube wall thickness of 1 mm (0. 039 inch) to sustain the Induced bending 
stress associated with a temperature difference of 235® K. Painting the inside surface black 
will reduce the required thickness to 0. 48 mm (0. 017 inch), a greater than 60^> reduction in 
wei^t. An alternate approach to painting the inside of the tubes black is to manufacture 
the tubes with holes in the walls. This may picove even more effective than the black paint 
til reducing maximum temperature and temperature gradient. 

A review of Fig. 3. 8-14 shows that neither aluminum nor graphlte/epoxy can be used 
in a geometry in locations udiere the effective surface temperature is greater than 

500® K because the mwvtmum working temperature of these materials vrtll be exceeded. 
Insulating the bottom half of the tube with layers of aluminized Kapton will lower the 
temperature sufficiently so that they can be used. Note, however, that the temperature 
gradie^ will not be significantly reduced. This is aiq)arent from Fig. 3. 3-15 which shows 
the temperature difference to be a weak function of effective antenna temperature. (Insulat- 
ing the bottom half of the tube can be viewed as reducing the effective antenna temperature). 
Wrai^ing the entire tube with insulation will result in smaller temperature gradients but 
higher temperatures. 

In ccmclusion, a tube is considered a poor geometrj' for a structural member that is 
parallel to the antenna surface due to the high temperature and gfadlmt that will exist 
within the tube. 
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3. a. 2. 3 High-Hat Section 

The hi|^ temperature and gradiente withhi the tube geometry are oatiaed baeioally by 
thetnttom aegment of the tube not being able to radiate directly to deep apace and the top 
aegment not receiving radiant energy directly from the antenna aurface. A "high-hat” 
geometry does not have this disadvantage. Instead each segment has some view of both the 
fi pfowwo surface tmd deep space j albeit the fractional view of each varies from segment to 
aegment. 

Figure 3. 3-17 shows Hie temperature distribution in a high-hat section that is dimen- 
sioned L X 6L X 4L. Two cases are shownt One where both sides Of the member are painted 
White, and the other case where the side towards the antenna surface hae a low etniaaiviiy 
(4 a 0.1) or, if aluatoum were used, the side towards the antenna surface is left 

untreated. 

A solar load of 1356 watts/meter^ was iqppUed to the ri^t side of Hie hi^d^-hat to obtain 
the temperature gradient. The following conclusions can be drown from Fig. 

3.3-17* 

4-The hl^-bat seottOn runs cooler than the tubular cross-section 

• Temperature gradients are smaller in Hie hi^-hat than in the tube 

• BoHi sides of the h4d^-hat ^uid be painted white as this reduces the maximum 
temperature ditterence from 196*K to 76®K 

a Aluminum or graphlte/epoxy cannot be used without some insulation between Hie 
member and the antenna surface. 

3. 3. 2. 4 Triangular Cross-Section 

The next geometry considered was that of a triangle. In this geometry each segment 
of the triangle has a good view of cold space. Figure 3. 3-18 shows the temperature distri- 
bution within such a member with and without a solar load. Of great significance here is 
the low maximum temperature of 439®K (380® F) which permits aluminum or graphlte/epox>’ 
to be used. This geometry can be easily manufactured with one side of the aluminum sheet 
left untreated end the other side painted white or given an alzac finish. Graphite/epoxy 
would have the top painted white and the side facing Hie antenna would be aluminum fCil 

bonded Into the epoxy. 

The maximum temperature differences In the triangular shaped member are seen to 
be 73® K with a side solar load and 56® K without a solar load. The two side tabs are nuinlng 
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cooler than the triangle-proper. Increasing the enUsslvlty of the tabs on the side facing the 
antenna surface results In hlc^er tab temperatures.. Therefore, it is possible to reduce the 
temperature gradimit within the member by proper selection of the emissivity of the tabs. 
Althouc^ at^lying a coating to the tabs tvill increase manufacturing costs, die smaller 
temp( rature gradient will permit a thinner, and hence lighter, structural member to be 
used. Ihe net ^ect may be a reduction in the total system cost. 

Figure 3. 3-ld presents the maximum temperature and temperature difference that 
Figure 3. 3-19 exists in triangular members. The results are shown with and without a 
side solar load for two different siae tabs with various emissivity values on the tabs. The 
emissivity value that minimises the temperature difference is in the neighborhood of 0. 2, 
which can be achieved by {flying an anodized coating 0* 1 microns in thickness (Ref 23). 

The maximum temperature difference is reduced to 30° K with solar load and 12° K without 
solar load. 

Figure 3. 3-19 also shows that there is no thermal advantage to the larger tabs* How- 
ever, <^ening the triangle beyond the 60° angle considered in the study will reduce both the 
maximum temperature and the temperature differ^ce within the member. In the limit, 
opening the triangle completely to a flat plate produces the lowest possible temperature, 

337° K (147° F), for white paint on the top (£-0.9) and tmfinlshed aluminum (£ = 0. 1) on the 
bottom. This is, of course, at the complete expense of the member stret^th. No doubt 
there is an optimum angle. 

.Ihe following conclusions can be drawn from this study of candidate beam geometries: 

• Tube geometry is the worst from a thermal standpoint. The highest temperatures 
and largest temperature differmces are achieved with this geometry. The use of 
aluminum or gMphite/epo^y tubing near the center of the antenna will not be 
possible without the use of some insulation between the tubing and the antenna 
surface.- (The insulation should not encapsulate the tubing. ) 

• The high-hat section is not an attractive geometry althou^ the temperature picture 
is somewhat better than the tubular geometry. The tube with its greater rigidity is 
preferred over the high-hat. 

• The triangular section is the best geometry of those studied. It has the lowest 
temperature and the smallest temperature differences. It can be easily manufac- 
tured arid made of aluminum. Whether it is economically justifiable to anodize the 
bottom of the side tabs remains to be Investigated. 
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Figure S. 8-20 and 3. 3-21 Bummacize the results ot-the study and show clearly the 
thermally superior performimce of the triangular geometry, both from the standpoint of 
lower wiavtnwm temperature and smaller temperature difference. 

3. 3. 2, 5 Temperature Profile 

Temperature profiles along the beam cap elements were calculated for the MPTS in 
various orbital positions during the equinoxes and solstices. Orbital variations In the 
temperature profiles are caused by fiie varying angle, normal to the structure made with 
the sun vector, as a result of the antenna being earth oriented. The "North-South” and 
"East- West” caps have been assumed to be oriented at 45* to the sun line to minimize 

differential solar inputs. Tbe temperature p 'files change during the year as a result of 
the solar load on the structure var 3 dng with the ctianges in Earfli-Sun distance and the Inclin- 
ation of the solar vector to (he orbital plane. 

Figure 3.3-22 shows three temperature profiles for a beam cap member located one 
meter above the antenna surface. Two profiles are for the extremes of the full sun condi- 
tion, is, when the structure is located at the sub-solar point of the orbit during the 
equinoxes the summer solstice. It is obseived that the yearly variation in the tempera- 
ture profile of a beam cap element is only a few degrees. This is contrasted witii the orbital 
variation which is much greater. Figure 3. 3-22 shows that as the structure near the center 
of the antenna goes around an orbit its temperature will chaise approximately 50* K. Near 
the perimeter of the structure, where the sun*s load represents a greater fraction of the 
total heat load on the structure, the temperature of the beam elements shifts roughly 150 K 
as the MPTS moves around an orbit. This swing in temperature may be significant when 
one considers that there will be over 10,000 such cycles during the 30-year life of the 
MPTS. 

The temperature swing near the structure perimeter is reduced when a niore nearly 
uniform microwave converter spacing is used. The temperature profiles shown In Fig. 
3,3-22 are those associated with a scale factor p = 466 meters* which produces a 10 to 1 
power ratio froin the center to the antenna tip. With a scale factor of p= 557 meters the 
power ratio is reduced to 5 to 1 and, as Fig. 3. 3-23 shows, the temperature shift near the 
perimeter is reduced from its previous value of 150 to 120 K. The swing near the center, 
however, has increased from 50* to 60* K. 


♦Microwave Converter Spacing = ^ U**/p ) ^ 
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Another significant Item shown in Fig. 3. 3-23 is that the maximum temperature has 
been reduced ftom the 440®K shown in Fig. 3. 3-22 to 425**K. This Is an important reduction 
in temperature ar It provides some margin for an aluminum or graphite/epoxy structure. 

(The maximum recommended service temperature for these materials is 450® K. ) 

3. 3. 2. 6 Temperature Difference Between Beam Cap Elements 

Hie temperature gradients within the antenna support structure will pose the most 
severe design condition for maintalnii^ structural flatness. The severity of the problem is 
by Ref 12 which states that to limit antenna tip deflections to less than 1 arc-mln, 
the te -i>c rature difference between the upper and lower caps must be less than 3® K. Some 
of the temperature gradients and their causes that can exist within the structure are given 
next. 

A temperature gradient through the cross section of a standard member will exist 
♦ftw/Ung to give the member a banana shape. Sich a gradient is caused by non-uniform heat- 
ing around tiie Surface of a member. The magnitude of the gradient depemls on the material, 
surface radiation properties and geometry of the element. Figure 3. 3-21 shows the trian- 
gular shaped geometry to have the smallest temperature difference ( 20® K versus 400® K 
for the tulnilar geometry wltihi kiw inner wall emissivity). 

However, a much more significant temperature difference that can exist within the 
Structure is between corresponding elements on the upper and lower caps. The cause of 
the temperature difiermice is the different views that the two corresponding elements will 
have of the radiatii^ antenna surface, with the element farthest away effectively receiving 
radiant energy from a larger portion of the antenna surface below It. For example, 90^: of 
the radiation flux that impinges on a stnicPiral element located a distance d above the 

surface comes from within an imaginary disc of radius 3d on the surface below it. 
Because the surface has a Gaussian rather than a uniform distribution, the further element 
will receive a different amount of energy than the closer element. The amount of radiant 
energy received by the further element may be more or less than that received by the closer 
element depending on the location of the elements with respect to the center of the antenna. 
Near the center, the further element will receive less energj', while near the edge It will 
receive more. The exact amount of energy received by an element and its resulting 
temperature were calculated using a computer program that was developed to account for 
the Gausslaii waste heat distribution on the antenna surface. 

As a result of this tj*pe of temperature difference, the elements on the lower cap will 
eiqiand more than those on the upper c^ and the antenna will tend to "dish. ’ Naturally If a 
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cottsiant tempei^dture difference exieted between ujqper and Idwer the atnicture could 
be built Mtb membei^ pVestreseed aueh tiiat when ffie temperature diffeirenee wae applied 
the antenna would airaighbni out and become flat* However as the MPTS travels around an 
orbit the tem perature di fferettbe between beam 6aps will vaxy* 

An analysis was performed to assess the temperature difference between beam caps, 
both on a daily and yearly basis. Figure 3. 3>24 presents results of the analysis and shows 
several things. The first is that the greater the separation distance between elements, the 
greater the temperature difference between ffiem. There is virtually no temperature dif- 
ference betwemi elements located 6 meters and 1 meter above the antenna surface, except 
near the perimeter where the differmice is igg>roximately 3^K. Ihe difference in temper- 
ature betwemi elements at 41 meters and 1 meter varys from about S*K near the center to 
nearly zero and then over 14^ K at the perimeter. (Note that calculations for temperatures 
did not include ffie effects of partial shading ffmt will occur during parts of an orbit and lead 
to an asymmetrical ten^rature profile about the center of the antenna* ) 

Ahoffier item of importance shown in Fig* 3. 3-24 is that the orbital variation in the 
temperature difference between the 41 and 1 meter locations is for tihe most part less than 
2^K; and this is true any time of the year. The orbital variation in ffie temperature differ- 
ence between the 6 and 1 meter locations is insignificant - it is lost in the thickness of the 
line. It is now f^parent that ffm orbital variations in temperature difference are not large 
and thertfore by properly rigging the structure the thermally induced deflections can be 
nulled out on an orbital average basis. The additional time varying deflections may prove 
negligible, especially if organic matrices are used, if not it may be possible to electron- 
ically compensate for them by ’'phasing" the microwave converters several times a day. 

It is instructive to consider the temperature differences that are produced by a more 
uniform waste heat distribution. Figure 3. 3-25 shows the situation for the scale factor 
p = 557 meters which yields a power ratio of 5 to 1 in oomp&rison widi the 10 to 1 of 
Figure 3. «V24. A comparison of the two figures shows fiiat the more nearly uniform the 
distribution, the smaller the temperature difference between beam caps. This is a 
second advantage to having a large scale factor; the first advantage of yielding a lower 
maximum temperature was mentioned earliei^. 

3* 3. 2. 7 Column Temperatures 

Temperature predictions for the columns or vertical members tying the beam caps 
together as well as the antenna surface to the beams are shown in Fig. 3. 3-26. (Columns 
not shown will have temperatures intermediate to the center and perimeter column 
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toinpei'iiturc‘8* ) It Is seen that tharo is well ovsr a 200* K temiiorature dlfforonco between a 
column at the perimeter of the structure and the one at the center. Tlila Uirgo temperature 
difference does not pose a deflection problem provided the slsilng of the vertical members 
reflects the different operating temperatures. However^ Careful design consideration wUl 
have to be given to the vertical members to minimize deflections Induced by the different 
temperature swings (viz., 18* K for a member located near the center, 61* K for a member 
near the perimeter) caused by the varying sun load. Use of a low solar absorptance coating 
on vertical members will diminish the Sun*s Influence so far as a direct solar load on the 
members is concerned. ( ttg = 0. 27 corresponding to white paint was used In the present 
study. ) However, since the sun's energy is absorbed by the antenna surface and then re- 
radiated as energy in the infrared region, it is seen that the low coating will not eliminate 
entirely die differmice in temperature swings between columns. Organic matrices with their 
low thermal expansion coeffleioats may well be the answer. 

The columns near the perimeter are prone to having large temperature gradients 
along their length and through their crose-scctlon and therefore will probably not be tubular 
In cross-section. The gradients tend to exist because of the different views elements on the 
column have of the antenna surface and space. This contrSsted with the columns near the 
center. Every elcmmit along these colunons, r^iardless of orientation or position, has die 
same view of the antenna surface and space, 0.5 each. Consequently, columns near the 
center will be essendally uniform In temperature but rather hot (viz, 482 - 500*K), Coat- 
ings, in su la t io n or geometry selecdons Will not yield any significant reduedon in these 
column temperatures. Near the center of the antenna, the columns will have to be made 
from a material such as pol 3 dmlde that can sustain the temperature level of 600* K. If 
alu m in um or graphite/epoxy is to be used for diese vertical members, waste heat flux at 
the center of the antenna must be reduced. One way of accomplishing this reduction while 
maintaining the total power level of the Ml>TS is to space the microwave converters 
differently which can be achieved by increasing the scale factor p . Increasing p has the 
effect of reducing the power transmitted from the center of the antenna and Increasing it at 
the perimeter. A discussion of die effects of vaiy'lng p are given next. 

3. 3. 2. 8 Effect of Microwave Converter Spacing 

Maximum structural temperatures are dictated the maximum waste heat flux. 

These maximum values occur at the center of the antenna where the microwave converters 
are most densely packed. The microwave converter spacing is given bv L = L • FXP 
((r/p) ) metefn where = the converter spacing at tlie center of the antenna in meters, 


3.3-34 


f 

i 


r 


r = distance from anteinia center fn motors, and p - scale factor in motors, tt follows that 
the waste heat flux radiated towards the structure at the center Of the antenna Is given by: 

2*P * (I 1 * P watts 

g max ^ ^ ^ -—$9 — s- 

n* rj*P^ [l - fiXP (2(ryp fj m^ 

wuare 

F = fraction of waste heat radiated toward the structure, the remainder being 
radiated toward earth 

1 } s efficiency of microwave converter 

P s power transmitted by antenna watts 

p s scale factor, meters 

r^ e radius of antmma, meters 

It is interesting to observe ffuat for a given power transmission the maximum waste 
heat flux is ind^iendent of L^,^ . ibis can be attributed to the fact that increasing 
requires increasing the power level per converter. Hie ^ result being that the waste 
heat per unit area remains constant (assuming constant converter efficiency). 

Figure 3. 3-27 presents ffie waste heat flux at the center of the antenna as a function 
of the scale ffmtor p. Two curves are shown: one for a microwave converter efficiency of 
85% and the other for an ^oienoy of 70% which is now considered representative of the 
klystron perfbrmance rather than 7S%» For values up to about 600 meters, p exhibits a 
strong isflueaice on the maximum waste heat flux. Hie maximum flux values that can he 
tolerated by three candidate materials are shown as 3600, 3600, and 8100 w/m for 
flkiminmn, grsphite/^xixy and polyimide composites, respectively. These Vidues establish 
iwtfiifntmt values for the scale factor p, i.e. , they impose a constraint on the shape of the 
rtff^^aiiian distribution* For example, cmisideHng an efficiency of 70*^ and an aluminum 
structure. Fig. 3. 3-27 shows that the microwave converters will have to be spaced accord- 
ing to p 2 1100 meters, which produces a fairly flat Gaussian distribution, nearly a uniform 
diatrlfautlOD. Figure 3*3-28 shows the waste heUt profile across the antenna sunace for 
three Values of p. It clearly illusttates the effect that p has on the waste heat profllei 
smaller values of p producing profiles with greater waste heat Concentrations at the center 
and lower waste heat concentrations at the perimeter, w'hich in turn leads to greater 
differences in column and beam temperatures between the center and the perimeter. 
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Pig. 3.3-28 Waste Heat Pro8la for Various Values of rise Sealt Factor 
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'Hi© effect of p on the maximum structural temperatures Is shown In Fig. 3. 3-29 for 
two efficiencias, 70 and , and two types of members* vertical and horizontal. Figure 
3. 3-29 reinforces What was mentioned early that a vertical member or column will run 
hotter than a horizontal beam at the center of the antenna. But more to the relevancy of p 
is the trend shown of decreasing temperature wifli increasing p. It is obvious that the 
choice of p may well impose a coiuttraint on material selection. It is recognized that p will 
influence the microwave transmission effloiency and the total power that can be handled by 
the MPTS, It should now be obvious that p has a strong effect on structural temperatures 
and material selection which must be accounted for in any studies to optimize the power 
received on Earth. 

Before closing this section it should be noted ffiat there are other ways of reducing 
the maximum structural temperature than by increasing p\ some of the methods are? 

e Alter the microwave converter radiator design so that more of the waste heat 
is rejected in the transmission direction of the microwaves (toward Earth) and 
less is radiated towards die antenna support structure. In the present study* 

87.5^ of the microwave converter waste heat is being radiated towards die 
structure and 12.5% toward Earth. 

• Employ heat pipes to smooth out the heat rejection profile so as to produce a 
nearly uniform profile across the Surface of the antenna (see Fig. 3. 3-30). 

e Design the microwave converter radiator surfaces to be geometrically and 
spectrally selective so as to reduce the amount of solar energy that is absorbed 
and to alter the distribution of radiant flux emanating from the anfAnnn to a more 
nearly uniform one. 

• Use special coatings on the structural members. For the present study white 
paint (fig/* = 0. 8) was used on the side of members facing space and an aluminum 
finish ( € e 0. 1 and € «= 0. 2* lightly anodized) for the side facing the antenna 
surface. Coatings such as silver teflon (o^/ € = 0. 1) and gold ( e = 0. 05)* 
respectively could be substituted for the white paint and aluminum. 

It mitst be noted that most coatings degrade as a result of exposure to ultraviolet 
radiation and particulate radiation emanating from galactic sources and the Van Allen belt. 
The 30-year MPTS design life demands that serious consideration be given to establishing 
the extent of degradation. At the present time there is a dearth of data for ultraviolet 
exposures greater than 10^ sun-hours; the MPTS will have an exposure of approximately 
2.6 X lO® sun-hours. 
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3.3.3 Structural Analysis 

The following is a summary assessment of preliminary structural design options; 

• Structural arrangements of the antenna primary structure leads to selection 
based on light weight of a rectangular grid beam arrangemoit, which is 15% 
to 30% lifter than either a triangular or radial arrangement. 

• Primary structural member evaluation considering columns of 5, 25 and 100 
meter lengths concludes that primary structure caps should be built up as 
triangular girders. 18 meter long girders made tQ) of 3 meter bays has been 
selected for cap members. 

e A determination was made that inertially induced deflections are insignificant, 
but thermal gradients must be kept low, in the order 2** to 4*’C between the 
i;g)per and lower caps of the primary structure. 

• Composites offer attractive features in terms of wei^t savings and thermal 
properties. 

• Other factors for future study are the integration of jx}wer lines and structure. 

/’ 

3. 3. 3. 1 Antenna Structural Design Arrangements 

Three structural arrangements were considered as candidates for the baseline design 
(see Fig. 3. 3-31). 

• Rectangular Grid Beams - Primary beams at right angles to each other 

• Triangular Grid Beams - Primary beams arranged in such a manner as to 
produce geodetic structure 

• Radial spoke beams - Primary beams emanating from a central core and 
extending to the periphery' as spokes in a bicycle wheel. 

The inertial loads applied to the antenna arc relatively low, therefore the total structural 
weight is a direct function of total beam length. Assuming e<)val lengths of unsupported 
beams in each case, the total beam length for the three arrangements were generated. 

The ratio of their respective total lengths are shown in Fig. 3. 3-32. The respective total 
lengths are approximately 15.760 meters for the rectangular grid, 23,300 meters for the 
triangular and 21,330 meters for the radial. Figure 3. 3-32 was generated to demonstrate 
weight relationships using an L/D (length of mcmbcr/dia. of member) of 20 to 100. In each 
case aluminum with a thickness of 0. 02 in. (0. 05 cm) and a height between caps of 40 meters 
was assumed. 
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3. 3. 3. 2 Structural Member Evaluation 

Structural member analyses were carried out to establish a feasible structural ar- 
rangement and to calculate member sizes to arrive at the lowest weight compatible with the 
existing thermal environment. It should be noted that this study did not include overall 
structural geometry optimization r nd the general arrangement, Fig. 3.2-1 and 3.2-2 was 
used to determine member loads and sizes. The previously used applied loads based on 
gravity gradient induced torques, have been superseded by torques generated by slip 
rlng/brush pressure and result in an average of 100 lb force compression loads in the 
tq>per and lower bending members. 

Our Task 1 sizing effort was based on alumintim tubular members to form the base- 
line triangular girder. The selection was based on the comparison of (1) a single circular 
tube 100 meters long and (2) a triangular girder with a tubular member at each apex with 
cross tubes and diagonal bracing. The later section was also assximed as an Euler column 
100 meters long, since this member, while braced at 25 meter intervals by vertical 
members, can fail in the lateral column buckling mode. Figure 3. 3-33 and 3. 3-34 show 
the wall thickness vs diameter at various compression loads for the Euler failure mode and 
were calculated for 5, 25 and 100 meter lengths. 

After the thermal profile was generated, it became evident that the tubular elements, 
particularly aluminum, could not be used. Considering that, plus the new loads, selection 
of a row shsq)e and material was initiated, resulting in the "modified V" fabricated from 
graphite/^jojqr or graphite/pOlyimide. Analysis of this section. Fig. 3. 3-35 shows that it is 
csqiable of balancing a compressive load of 127 lb at 450° K. Local crippling does not 
appear to be critical. The current investigation did not include loads induced by preloads 
in cable cross bracing required to overcome cable slack or tension caused by thermal ex- 
pansion. Further study is required for this investigation. 

3. 3. 3. 3 Structural Deflection 

The primary load which the antenna is subjected to is due to the toix^ues generated by 
slip ring brush pressure. A bending moment curve Fig. 3. 3-36 was generated and result- 
ing deflections calculated. As shown in Fig. 3.3-37 these deflections are Within the allow- 
able 1 arc-min. 

hlitially a simplified thermal model was used to arrive at the deflections sho^^ti in 
Pig. 3. 3-37. With the selection of the I km diameter baseline, a more extensive thermal 
profile, Fig. 3. 3-24, was generated and new deflections calculated, these calculations 
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Fig. 3.3-34 Stianglh of Circular Tubes for Various Axial Compression 
Loads at Function of Wall -Thickness 
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wore performed wltb the uae of an in-house "3-dlmonslonal frame" computer progran>. 

The roaultldg deflootlons curve and slopes are shown In Fig. 3. 3-38 and 9. 3-39 for the 
primary structure. 

To evaluate the effects of secondary structural deflection on tiie overall deflection, a 
section of structure farlhese from the antenna center was Chosen for examination. This 
particular area was chosen because (1) it is the area that the primary structure experiences 
its largest drflection and (2) the temperature gradients arc highest. Figure 3.3-40 reflects 
the deflections and slopes calculated for the secondary structure, and as can be seen, the 
magnitudes will contribute very little to the overall deflections. 

Note that Fig. 3.3-38 and 3.3-39 show the deflections and slqpeS calculated for 
teng>erature deviations that occur during different seasonal and orbital positions. The 
mean dT curves represent the location and angle that the respective waveguide arrays would 
be assembled to the secondary structure. The waveguide assemblies within approximately 
the 16, 000 in. (406 M) radius can be preset or "tuned" once and left alone. Those located 
beyond this radius must be adjustable in flight by use of screw jacks or similar devices. 
Further elimination of adjustable devices can be achieved by judicioits design procedures 
to reduce deflectiimS at the antenna periphery. Close manufocturlng tolerances will have 
to be augmented by an adjustment or "tuning" technique in order to minimize built-in 
wavlness and defections. A study of tolerances, both manufocturlng and assembly would 
determine the extent and type of adjustment that Would be necessary. A typical girder 18 
meters long has the following tolerances: 


Length 

Coig)ling dtttng 

Stra4d*tness 

RSS 


± 2 in. (50. 8 mm) 

± .25 in. (6.35 mm) (mechanical or weldment) 
± 1/2 in. (12. 7 mm) 

± 2. 076 in. (52. 73 mm) 


The RSS over a 1000-meter lengdi of 40 beam element is: 
d» /nF where a jj « * ^2 

The worst case angle of curvature is defined by: 


©= (f/2+d/2) (I 
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where H = 35 meters 

t/2 - 500 meters 

4/2 = . 10540 °. 05275 
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0. 003 radians or 0. 1723*’ 
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Fig. 3.3-38 Typical Antenna Deflection! Due to Thermal Gradientt (40 Mater Beam Depth) 
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FiS. 3.3-39 Typical Slopei of Structure Due to Thermal Gradients 
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As tho limit of curvature must bo held to 1 are-min or 0,0100 a further i»nnly:ilj; la 
required to dotermlnc probability of tbla worst case occurring. 

3. 3. 3. 4 Materials 

Throe materials have boon oonsidored for tho antenna structure: aluminum. 
graphite/opo:Qr and polyimldo composites. Each material has its advantages and disadvant- 
ages. Aluminum offers low material cost and established processing, manufacturing and 
assembly techniques but suffers from relatively high coefficient of thermal c3q)ansion. 
Graphlte/epo>Qr, an organic composite that Grumman Is developing extensive experience 
with, exhibits the attractive properties of a low ooetficient of thermal e^qiahsion and a high 
8trength-to-weight ratio. On Uie debit side, the material cost of graphite/epoxy runs 25 to 
200 times that of aluminum. Also on the debit side is the relatively low maximum recom- 
mended service temperature for graphite/epojQ^ (conservative designers limit graphite/ epoxy 
to 400^ K, i.e. , 350^ F, tiie same as aluminum). Based on the temperature predictions of 
Subsection 3. 3,2, tile uSe of either aluminum ot graphite/epo)^ for the columns near tho 
center of the antumift is precluded (see Fig. 3. 3-26); the use diese materials for the beam 
cap elements near tiie center is marginally satisfactory. 

Folyimide con^sites such as graphite/polyimide or Kevlar/polylmide offet relief to 

the temperature problem as they have maximum recommended service temperatures in the 

range 530 to (500 to 700** F). In addition to the hi^er allowable temperature, 

graphite/polyimide offers the same main advantages of a graphite/eposQr matrix, namely 

hi^ strength-to-weight ratio and low coefficient of thermal expansion. Figure 3. 3-41 

shows these properties for various graphite composite systems. Little data exists for the 

strength characteristics of epoxy and polyimide composites at elevated temperatures. 

However, Fig. 3. 3-42 sheds Ught on the performance of diese materials when used as 

adhesives. The superiority of polyimide over ^xy at 533** K (500** F) is obvious. But 

concern exists as to what the performance of polyimide will be after 30 years (2.6x10^ hrs) 
o 4 

of operation at 533 K. Figure 3. 3-42 shows that after 4 x 10 hours (4. 6 years) the lap 
shear strength is only 65% of its value after 10 hours. Suitable tests and extrapolation 
procedures are required to resolve this concern. 

On the debit side, the material and processing costs for polyimides arc considerable 
in comparison with epoxy. Futhermore, as Fig. 3.3-43 shows, pol>imidcs have a high 
volatile content. More than likely the polyimides will be processed in space and, therefore, 
a suitable bleeder system must be provided to prevent contamitiutinv items such as micro- 
wave converters and parts that have been thermally coated. 
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GRAI*HIT£«i 


FIBER 

LAY0U1 

I3^»LV> 


T300/6208 
(EPOXY} (0*60)^ 6206 

HT-S/710 . « 8XYBONO 

(POLYIMIOE) (0t60)^ 7t0 


Ht-S/710 


6KYBONO 


(POLYIMIOE) (0 1 451^ I 710 


AS/3601 

(EPOXY) (OteO) 3601 


HH-8/3601 I 
(EPOXY) (0*60) 3601 


3 . PLY PROPERTIES 

THICKN688 

DENSITY 

Tensile 

STRENGTH 

(lO^^n/m^l 

TENStU 

MOOUUUS 

(10®n/ml 

THERMAL COEF 10*^ m/mP’K 

BB 

(mml 

(Kg/iT|3| 

LONG. 

TRANSVERSE 

IqB 

0.17 

m 

345415 

48-76 

0.364.63 

1.14.5 

450 

0.17 HI 

1550 

275^10 

4B49 

036443 

1.1-4.6 

590 

0.17 (1)' • 


345418 

6943 

0.364 JO 

1J4J 

645 

0.17 

1520 

275410 

5849 

0J64J3 

1.1-4J 

450 

0.17 (1) 

1746 

1S5-240 

83*103 

0.184.40 

J 

i 

0.7-1 J 

450 


NOTE: AT PRESENT NO SOURCE IS AVAI lABtE FOR THIN PLY OR/PI, OR HM>8/3601 . THESE ESTIMATES ARE BASED ON 

LIMITED DATA AVAILABLE ON COMPOSITE LAMINATES SUCH AS (0/* BO)^ OF CONVENTIONAL THICKNESS. 
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With any of the composites, the question of outgasslng naturally arises. Tests run at 
Grumman on graphlte/epoxy laminates showed essentially no outgasslng when the specimens 
were ejqjosed to high vacuum at room temperature for 72 hours. Tests at elevated temper- 
atures need to be run. Polyimides, not being free of Volattles as are epoxys, may present 
an outgasslng problem. The vapors given off by a polylmlde composite structure may 
iWhiMt proper operation of the microwave converters. Tests are required to estabUsh the 
vapor pressure characteristics of candidate composites at elevated temperatures and ihen, 
if necessary, suitable coatings to minimize the outgasslng must be found. 

tip to any reference to temperature has always been along the lines of high 

temperaiare. The MPTS, however, will experience cold temperatures around the time of 
fixe two equinoxes each year. The structure will cool down to temperatures in the neighbor- 
hood of 75®K (-326® F). This cold temperature will not present any problem to aluminum 
which has been used to vlrtuall5'0®K. How the composites hold up is an unknown. Tests to 
establish their coM temperature performance and their response to temperature cycling 
(from 75 to say 600®K) are required. 

Structural members manu6mtured from composite materials will have a vrtilte thermal 
control paint ^Ued to the side of the member that faces space while the opposite side 
which faces the hot antenna surface will have an aluminum foil bonded into it to provide a 
good hea* reflector. Thus, the composite materials will not be directly subjected to ultira- 
vlolet radiation. However, tests to establish the ultraviolet degradation that the white paint 
and aluminum foil will undergo during the 30-year MPTS life are required. 

Figure 3.3-44 summarizes pertinent properties of the three materials: aluminum, 
graphite/epoxy and graphite/polj-imlde. At the risk of over simplification, the material to 
use for the antenna support structure should have the best available streng«i-to-welght ratio 
and be c«q>able of operating at 600® K for 30 years. This statement can be made because 
material and processing costs should play a secondary role in material selection since 
transportation costs dominate the overall cost picture. Furtheremore, it can be assumed 

any tendency towards outgasslng or ultraviolet degradation will be aptly prevented by 
eqiplicatimi of suitable coatings. A low thermal expansion coefficient is desirable but should 
never play a dominant role in the material selection process since a mechanical adjustment 
device will most likely be utlUzed to remove manufacturing tolerances. This same device, 
properly controlled can remove deflections caused by differential thermal expansions. 

in conclusion, the polyimide matrices have much to offer but appropriate test data for 
a 30-year life are required on their low and high temperature perfornuincc as well as their 
vapor pressure characterlstlCij. 
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ADHESIVE TYPE 

CURE TEMP, ®K 

VOLATILES 

MATERIAL COST 

PROCESSING COST 

EPOXY 

460® 

NONE 

LOW 

LOW 

EPOXY-PHENOUC 

460® 

B% 

LOW 

LOW TO MODERATE 

POLYBENZIMIOAZOLE 

530-64S® 

10-18% 


VERY HIGH 

POLYIMIOE 

630-646® 

10-18% 1 


VERY HIGH 


Fig. 3.343 Cost and Prooasting CliiifaetwMo of Various Tyi^ of Adhatives 


PROPERTY 

ALUMINUM 

GRAPHITE/ 

EPOXY 

GRAPHITE/ 

POLYIMIOE 

APPROXIMATE STRENGTH 
TO WEIGHT* (10* Ml 

23 

28 

28 

TENSILE8TRENGTH 

10® N/m2 

241*800 

19&415 

275415 

DENSITY 

(Kg/M*) 

2870*2900 

1600^2000 

1600-2000 

COEFFICIENT OF THERMAL 

EXPANSION 

(104m/MPEROK) 

23*4 

0*1 *0.7 

0*31*0 

MAXIMUM RECOMMENDED 
SERVICE TEMPERATURE 
(OK) 

480 

460 

530845 

MOD.OFELA8T. 

t()®N/M^ 

73 

48*108 

48*83 

SPECIFIC HEAT 
(|/k9J>K) 

920462 

870*1000 

- 

THERMAL CONDUCTIVITY 
W/(M-0K) 

# 

117-234 

0*24*5 

5*10 

REQUIRED THERMAL 
COATING -SPACE SIDE 

ANODIZED E.O. ALZAC 
OR WHITE PAINT 

WHITE PAINT 

WHITE PAINT 

REQUIRED THERMAL 
COATING-ANTENNA SIDE 

NONE 

ALUMINUM FOIL 
BONDED IN 

ALUMINUM FOIL 
BONDED IN 

•TITANIUM AND ITS ALLOYS HAVE A STRENGTH TO WEIGHT RATIO OF 36 


Fig. 3.344 Comparison of Material hoparties 
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3. 3. 3. 5 OUier Factors 

At tills time no attempt has been made to integirate power transmission lines and 
structural elements. The large current flow in this network requires large conductors and 
it is possible* perhaps necessary, to utilise the structure as an Integral part of the power 
system. For example, if we assume a Gaussian distributi<m, tiie mean distance from tiie 
center would be approximated by d = 1. 77 o, where 3 radius of the antenna. Assu min g a 
total power of 6 gigawatts and 1600 areas of equal power, it follows that the power from each 
area = 6 x 10^ watts/1600 « 3. 1 x 10® watts. The current at 20 KV* to each of these areas 
would be I = P/E = 3. 1 x 10®/2 x 10^ = 166 amp. The mean conductor length is (1. 777) 
(600/3)=196M (640 ft) long. Neglecting temperature, a No. 2 size copper conductor 
(AN-J-C-48) or an equivalent No. 0 alMwinum conductor can carry that load. The weight 
of the ^iiiminum conductor is — . l/ft and results in a total weight of (. 1) (640) (1600) = 

102, 400 lb (225, 280 1«). Weights of this magnitude should be int^rated into the basic 
structure. 


3.4 ASSEMBLY AND PACKAGING 
3.4.1 Detail Parts 

A study of pack^ing structural members/elements was Initiated to determine the 
arrangement within Shuttle constraints, and to determine the sensitivity of various 
levels of ground prrfabrlcation compared to correspondii^ levels of orbital assembly. 

The options selected for evaluation, idiown in Fig. 3. 4-1, span the potential split up of 
methods between ground based and space based operations. These cases are 

as foUowe: 

• Case 1 - Assemble collapsible beam members on earth which will provide the 
most efficient Shuttle packing density and deploy when in space 

• Case n - Prefabricate structural elements of trl-beams and manually assemble 
in space 

• Case in - Prefabricate flat stock on ground with required thermal coatii^s and 
autc assemble in space. 

AssemWy of structural members on the ground requires that these members be 
stowed in a folded or compressed manner to achieve as high a density as possible. Efficient 
Shuttle utiUzatlon requires a cargo density of at least 6 Ib/ft^. A survey of existing 
stowable structural members (astromast, articulated lattice) suggest that an order of 

less Is the best that can be achieved. Figure 3. 4-2 was generated for typical 
articulated lattice girder members and, as can be seen, the densities are in the order of 
0. 01 to 0. 02 Ib/ft^. This represents a Siuttle load factor of 1% and it is obvious that even 
wiUi Improved design techniques, the net gain would still fall far short of the desired goal. 

The attractive facet of this approach is that most of the subassembly work is done on the 
ground, not at the orbital site. If advanced launch systems were not as volume restricted 
as the Shuttle, this approach could become the preferred choice. 

Detail component fabrication on the ground and assembly at the orbital site offers oppor- 
tunity for a touch more efficient packaging density. The first step in this approach is to sub- 
stitute very thin solid elements for the "Baseline” approach of thin walled tubes (Fig. 3. 4-3). 
This immediately achieves a packaging density* far in excess of the minimum 6 lb per cubic 
foot, but as the following example shows, also results in a weight increase. To balance a 
100 lb load in a thin walled, 2. 5 in. diameter graphite /epoxy tube, supported at sLx meter 
intervals, the wall BliOkness would be 0. 0075 in. The resulting weight is 0. 039 Ib/ft. B>* 
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substltutiDg three solid elements, arbitrarily adding supports e\ery 12 inches to balance 
33 lb each, the weight is 0. 0429 Ib/ft (0. 0143 x 3) Fig. 3.4-4. Assumliig the 12 in. sup- 
ports add an additional 50% weight penalty, the total weight would be 0. 0643 ib/ft. 

Figure 3. 4-5 shows the limitations of both structural elements with respect to the Shuttle 
cargo bay, and it Is clear that further optimization can result in less weight penalty while 
yielding an efficient packaging density. 

This assembly concept would require the largest work force in orbit of any of the 
options considered. When the cost of the required Space Station, crew rotation and 
materials and life support logistics is factored into the equation, this approach does not 
appear desirable. Figure 3.4-6 summarizes an estimate of the rate of assembly of a 
typical structural tri-beam in which the caps and Intercostal members have been shipped 
in an efficient Shuttle packaging arrangement to a Space Station. Shylab 3 data on the rate 
of assembly of the twin pole sunshade was used to establish the degree of human skills in 
space environment. In the Slqrlab 3 mission, a single man assembled two 55 ft poles In 
5 ft sections in 137 minutes. This represents an assembly rate of 6. 2 min/operation. A 
typical MPTS 18 meter structural member would require 78 operations. Assuming a 90% 
learning Curve improvement in skills relative to Skylab performance, a 2.5 min/operation 
could be considered plausible. At this rate 5. 7 Ib/m-hr rate of assembly could be 
achieved. Twenty-four 12-man Space Stations would be required to support the assembly 
crew at 5. 7 Ib^-hr. A total of 470 klb of MPTS antenna structure could be fabricated 
using a crew of 275 in the allotted 2-month period. This high manpower requirement with 
associated Space Station support equipment tends to eliminate this approach as a viable 
detailed assembly approach (Fig. 3.4-7), 

Complete fabrication and assembly in orbit can achieve 100% Shuttle load factor by 
transportation of raw materials to the fabrication/assembly site. This concept requires a 
free flying •’factory”. It is not unreasonable to assume that one could be designed and built 
with little technical risk. Figure 3.4-8 shows a concept for in-orbit fabrication and 
assembly of a typical girder. Considering the factors inwlved, that is, volume limitations 
of the Shuttle and the desire to minimize on-orbit personnel, this approach appears to be 
the most promising. An operations analy.sis of this process has tentatively established a 
rate of assembly of 420 IbAr for the MPTS structural elements. At this rate, eight manu- 
facturing modules would be required to meet assembly time tables. 
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TIMELINE (ONE BEAM ASSY) 


TASK TIMg 
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15 MIN 

* • 
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196 MIN 

r. 
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16 MIN 

* 

TOTAL TIME 

225 MIN 


BEAM ASSEMBLY RATE 0.096 

L8/MIN 


■ 6.7 LB/M-HR (2 6 K»(M HR) 

Fig. 3.4< Inflight Oettll Parti Anamblv 
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3.4.2 Structural Aaeembly 

A jirelimlftary aescmWy soquonCo for the MPTS antehna followe. This aBaombly flow 
la baaed on the rectangular grid general arrangomoUt, (aoe Fig. 3.2-1). Major functional 
blooka are identified in the order in which they are asaembled. 

A top level operationa analyaia ia preaented for the following atructuto aaaombly 
metboda: 

• Uaing manned free flying manipulator modules 

e Uaing remote controlled free flying manipulator modules 

• EVA using remote controlled logistics modules. 

The analysis has led to the following indicators: 

e Assembly using remote controlled manipulator modules offers the most cost 
effective approach 

e EVA assembly with remote controlled logistics modules could be cost competitive 

e Manned manipulator assembly tends not to be effective because of the high pro- 
pellant consumption of the free flyers. 

3.4. 2. 1 MPTS Assembly Functional Flow 

3.4.2. 1. 1 Level 2 Assembly Flow - Figure 3.4-9 is a breakdown of the assembly steps 
for the MPTS antenna structure. Assembly starts with installation of the rotary Joint using 
the SSPS central mast as a point of departure. The rotary Joint to antenna interface struc- 
ture assembly follows using the elevation rotary' joint structure as an assembly base. 
Assembly of the primary and secondary structure is performed working radially from the 
center of the anteima. Installation of the waveguides and electronics follows. 

3.4.2. 1.2 Level 3 Assembly Flow - Figures 3.4-10 through 3.4-12 are more detailed 
definition of sequences for assembly of the it)tary Joints, interface structure, and antenna 
primary and secondary structure. Assembly of the rotary' Joints appears to represent the 
most complex assembly opeiration due to the number of uni<iue installations (gears, f)c\ 
harnesses, etc. ). Assembly of the antenna itself along with waveguides and electronic s, 
is a repetitive operation and should not pose difficult problems. 
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Fi®. 3.4*10 Level 3 Functional Flow: Aswmble Rotary Jointi (Sheet 1 of 31 
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Fig* 3«4*10 Uvtl 3 Function^ Fto^: Asssmbls Rotsry Joints (Sheet 2 of 3) 
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Fio* 3.4-11 Uvd 3 Ftiiictioiial Flow: Atieitible Rotary Joint to Anteniui Interface Structure 
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3, 4. 2. 1.3 Aseembly Unlng Manipulator Modules - Figure 3.4-13 is a ropronmilallvo plan 
for aBBombling beams foi the prlmary/socondary structure of the antenna. This operation 
iB selected for detailed analysis because it represents the most frequently used operation 
In the buildup of structure. Manhour requirements to perform this operation represents 
40 to 60% of the assembly cost of the antenna. Statistical data on aircraft assembly indicates 
that structural assembly accounts for 20% of the total cost to produce. 

The assembly sequence presented In Fig. 3.4-13 assumes the use of a free flying 
manipulator module which could be manned or remotely controlled from the ground. 
Astromast beams are assumed stored In a logistics area in the retracted condition. The 
astromast storage area is also representative of the location of an auto beam manufacturing 
unit. The assembly joint Is assumed to be a mechanical locking device similar to a docking 
drogue. 

The objectives of the operations analysis are as follows: 

• Establi^ a rough order of magnitude range of time required to assemble the 
structure 

• Establish a level of complexity between performing assembly from the ground and 
manually in orbit 

• Establish typical consxunables requirements for ancillary equipments used in 
assembly. 

Figure 3.4-14 summarizes the maximum and minimum time required to acquire a 
beam from storage, transport to the assembly area, join Ihe beam to the structure and 
return to the storage area, A minimum time of 23. 5 minutes and a maximum time of 
minutes has been established assuming a manipulator design similar to the Shuttle liMS. 

The minimum time represents the potential of a manipulator to perform the required tasks 
assuming perfect accuracy and totally static conditions. The maximum time was established 
utilizing the parametric data in Ref 24 which relates the ratio of performing a basic task In 
a static environment to the time required to perform the task in a -hna.mlc en\ironment. 

The parameters considered in establishing complexity factors include: 

• Control system frequency of the manipulator and target 

• .\ttitude limit cycle amplitude of the target 

• The distance lx»tween the target attachment point and the target eg 

• nie position and velocity* accuracy during statlonkccping 

• Manipulator time delay. 













































Time delay effects caabe used to establish the penalty for performing assembly remotely 
from the ground. The range of time del^s considered in Hef 24 was between zero and two 
seconds. If it is assumed that a manned manipulator wUl perform with time delay near 
zero and remote controlled manipulators will perform with time delays near two seconds, 
little in total time to perform the assembly tasks can be identified. 

Figure 3.4-16 presents the variation in complexity factor (time in dynamic environment/ 
time in static environment) for variations in target limit cycle deadband, manipulator 
characteristic frequency and the distance between the target rg and manipulator attach 
point for a system with a two second time delay. A similar plot for a ^stem with zero 
time delay shows little variation in complexity factor for target limit cycle amplitudes of 
less than and low manipulator characteristic frequencies. 

Manned free flyer module propellant consumption will vary between 14 and 16 lb <3. 3 
to 7. 2 Kg) for the minimum and maximum time case, respectively. This quantity per trip 
includes limit cycle control and translational propellants. Hiese estimates assume a 
.3000 lb (1359 Kg) VChicle with inertia and jet geometries similar to the Lunar Module (LM) 
ascent Stage at docking. The ECS consumables required for life sui^rt will be approxi- 
mately 0. 2 to 0. 3 lb (0. 1 Kg) per trip. This estimate iS based oh the LM configured for one 
man. 

An unmanned manipulator modxUe could be configured at 400 lb (181 Kg). This lower 
weifid^t reduces propellant consumption to reairanable levels, 1. 8 to 2. 1 lb (0.9 Kg) per trip. 
The order of magnitude difference *r propellant consumption for the unmanned, relative to 
a manned free flyer, is a strong factor in favor of remote controlled assembly approaches. 

Figure 3. 4-16 presents assembly cost factors which utilize the operations time line 
anal ysis results. Hi6 overall structure can be assembled at a rate of 13 to 26 Ib/m-hr 
(6 to 12 Kg/m-hr). This range of cost was established by determining the number of joints 
in a typical 108n x 108m primary/secondary structural bay (394) and the time to a^^semble, 
established In Fig. 3. 4-14, for each joint. The rate in units of Ib/m-hr is established by 
dividing the weight of a typical structurs' bay by the total time. These assembly rates .nre 
in line with that assumed during Task 1, 11 Ib/m-hr. This is the rate at which steel workers 
can construct a major building on the ground assuming aluminum girders. 

3.4,2. 1.4 Assembly Using EVA Operations - Little or no data exist concerning largo scale 
EVA assembly <^rations from which an extrapolation of task and time estimates can be 
made. This was determined after a survey of the literature and conversations with NASA 
personnel. However, actual EVA performance on Skylab equaled or exceeded expectations 
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ur eUwulation roBulte of tho Bamo performance in neutrai buoyiiucy procciIurcB/pr»/lci'v'n<,’.v 
dovolopmont operatlonB. It can bo expected that, given proper reetralnte and llf<} Ripp«>rt 
syateme, man can perform an well in apace a 8 he does on earth. It Is felt that a degree of 
confidence can be achieved ly relatJr^i: MPTS structural assembly time estimates to that 
of tho Twin-Pole Sunshade assembly using KVA techniques on Skylob 3. 

Figure 3.4-17 shows the Mi‘TS structural assembly plan utilixing EVA oporatlons in 
conjunction with a remote controlled logistics module for transport of beam sections from 
storiige to the assembly area. A two-man operation is assumed. A work platform with 
the appropriate foot and hand restraints is utilized. Tho first crew test (Operatlcii 4 . 3. .3. fi) 
is to move the work platform to the next assembly point. The logistics module delivers 
tlu'oo beams which are temporarily lashed to the v/ork platform. TTie crew preassomblos 
the three beams and tension wires to form the structural quad at the work platform. '^The 
crew unfolds the beams (total beam wei^t = 65 lb) (29.4 Kg) orients the unfolded section 
for mating to the structure. 

Figure 3. 4-18 is a task description of Skylab 3 Twin- Pole Sunshade deployment. The 
related operations used to define the time required to assemble the MPTS structure arc i 

steps 2, 4, and 5 which are similar fro establiBhing the work station at the new assembly 
point, prefabrication of the delivered beams and deployment and mating of the slmch^ral 
quad. A learning advantage has been assumed in establishing the time estimaiow shown in 
Fig. 3.4-17. 

Figure 3.4-19 summarizes the rate of assembly, rate of free flyer propellant exi>c!i- 
diture and the required Space Station support requirement to house the neo led ccl w sl 7 .e 
for MPTS sUuotural assembly in approximately two mouths The asscjiibh rat«- in thir 
case was not constrained by crew performance but rather by porfomianco of the free fiver. 

Tills could in f.act have v.alidity' In that even In earth construction of large structuri. . 
the supply of materials to the Irjnedlate assembly point is often the time constraining 
clement. A Space Station at a projected weight of noo, OOO )b would bo required to supiiorl 
the 30-man crow necessary to assemble the 470 klh of antenna structure. 

The assembly rate using EVA operations tends to be twice that using remo > con- 
trolled manipulator operations. This agrees with Intuition even though the operations 
analysis presented hero is based on very limited data. Because of the potential increase in 
assembly rate using EVA operations, which could offset the cost of the Space Station, this 
aporoach should be retained as a potential option needing further technologv stucK- 
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?& 
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• ASSUMPTIONS FOR TVFlCALl8Xl8mSUBARRAV BAY 

MATERIAL - ALUMINUM 

WEIGHT - 6S.t LB 

FREE FLYER 

WEIGHT - SOO LB 

1^ - soasEc 

• ASSEMBLY ROM UYIT MODEL RELATIONSHIPS 

ASSEMBLY TIME - 27 LB,'M HR (LONGEST) 

60 LB/M-HR (FASTEST) 

FREE FLYER PROPELLANT • 00?) LB/LB STRUCTURE 

• SUPPORT Equipment requirement for assembly of mpts structure 

(WEIGHT ° 470 KLB 

ASSIGNED ASSEMBLY TIME « 2.9 MONTHS 
ASSY MANPOWER REQO > 9,400 MAN HR 
NO OF PERSONNEL ^ 30 


Fig. 3.4-19 FVA AoMinbly Optratium Summary 
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• 3. 4. 2. 2 On-Orbit Support SyRtom Roqulramortts 

; ProUmin&iy definition of Hupport ^etem roquirementR hnvc boon entabliRhocI for tho 

low altitude odd high altitude asaombly aitea using data generated during the atudioa of 
Space Stations, research application modules and remote teleoporatOr vehlcloa (Ref 25 
thrOufdi 2^)* The major support equipment requiromonta arc summarized for the alternate 
assembly sites as follows: 

Low Altitude (190 N MU 

• Remote controlled manipulators 

e Shuttle crew accommodations 

- Crew siqjport module 

- Communications module 

• Manufacturing modules 

High Altitude (7000 N Mil 

• Remote controlled manipulators 

• Manufacturing module 

• ^>ace station 

• Crew transportation module. 

3. 4. 2. 2. 1 Remote Controlled Manipulator Module - The RMM is a free-flying teleope rated 
vehicle which serves to axtend and enhance the natural sensory, manipulative, locomotive 
and cognitive capabilities of a man from a remote location. Figure 3.4-20 is a sketch uf 
the Free-Flying Tcleoperator (FFTO), identified in the preliminary Payload Descriptions 
Level B Data package for potential Shuttle sortie payloads (Payload No. lil-04-S). The 
FFTO weighs 183 Kg dry and has 33 Kg of l^drazine for propulsive maneuvers. .Although 
more detailed definition of a remote controlled manipulator system for use in assembly of 
the MPTS is required, the functional capabilities of the FFTO is sufficiently close to what 
is needed to use it us a struwman in overall system assessment of the assembly oiK’raticn. 

3. 4. 2. 2. 2 Crew Support Modulo - A HAM Support Module (KSM) is used in the study as 
being representative of the supiort t't(ulpment nccessan’ to house the crew for monitoring 
the assembly operation. The KSM is a pressurized vehicle which will accommodate up to 
four additional crewmen over the number tran.sportcd in the Orbitor. Figure 3. 4-31 is a 
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sketch of the RSM configured (see Ref 26) In the Orbiter for support of the MPtS assembly 
mission. 'Hie interior arrangement is based on a longitudinal floor arrangement between 
the end bulkheads. Interior secondary structure includes four overhead sleep compart- 
.mentst storage volume, eir ducfting, and utilities runs. Sufficient ixiom exists in the main 
pmtform of the interior for mounting controls and displays consoles for monitoring 
assembly operations. Consumables and other life support items necessary for a 30-day 
mission are considered an integral part of the module. 

3. 4. 2. 2. 3 Communications Module - A communications module. Pig. 3.4-21, is used as a 
center to transmit television data via TDRS to the ground and to receive command data 
from ground controllers for operation of the remote manipulators.. A potential need for as 
much as IdO simultaneous TV pictures would be required. 1%e communications module 
would receive TV signals from the manipulator modules via omnLantennas and condition 
the Signals for I&i-band transmission. 

A total bandwidth <d 5706 Mffa would be required for black and white pictures (no data 
compaction) if assembly is performed in one year. Tte planned TDRS has a bandwidth of 
only 225 MHz which can simultaneously support 7 RMM's. 

Several observations for remote operations can be identified: 

• A dedicated high bandwidth communications satellite system is needed similar 
to TDRS 

• Slow scan TV (IMHz) could be used if it can be shown that the RMM’s can 
adequately be controlled with this quality picture. Only 25 RMM's could be 
serviced at one time with the current TDRS concept 

• - A high degree of operations coordination is needed if TV operations are to be 

limited to 25 at a time - this assumes TV is used for only close-in assembly tasks 

• If assembly time were increased from 1 to 4 years, 45 manipulator modules would 
be needed with 7 in a TV operations mode at a time and hence would be more 
compatible with a dedicated TDRS system (three satellites). 

The weight estimates shown in Fig. 3. 4-21 are based on an 18-ft Sortie RAM 
(Ref 26) with 1310 lb of antenna and communication equipment added. The 1310 lb is the 
estimated Weight for the dual Shuttle communications s>'stem. 

It is recommended that two dedicated TDRS (3 satellites each) be utilized in u support 

role. 
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a 4. 2 . 4 mr,^tnifactur<»g Module » The m&fiufactUiHiig!: module proceeses flat ettOck into 
baste structural element tri-beamfl. Figure 3. 4-8 shows the application of these modules 
for manufacture of beams using aluminum. Th<^ baste operations for aluminum beam manu- 
facture include roll forming the flat strip stock into the re<piired longeron and intercostal 
elements of the beam. Feed and cropping mechanisms ensure proper member lengths. 

Spot welding is used to Join longerons and inter(K>etals. Harvi sting arms and associated 
mechanisms are used to assemble the end fittings. 

manufacture using graifldte/epojcy could utilise rolled strips of partially cured 
composite materials. A series of hot and cold rollers would be used to finalise the setting 
process. Bondii^ deidces are used to dements. 

A^rellminary operations analysis of the manufacturing steps indicates that beams can 
rob^y be manufactured at the rate of 420 Ib/hr. The weight estimate shown in Fig. 3.4-8 
uses tile RAM free flying payload module for the basic sTacectaft and a 100% wrap around, 
to account for manufacturing equipments, ^gnificantly more stadir iS required to 
the module concept for a more realistic estimate. 

3. 4. 2. 2. 5 Space Station - Figure 3.4-22 is a schematic ai a basic six-man Space Station 
needed to support assembly operations at a 7000 n mi altitude site. Information presented 
in Ref 28 Was used-to establish-wei^ and cost estimates. To achieve consistency data, 
the l/lb non-recurring and recniriing <x>st estimates for the Space Nation estatuidied in 
Ref 25 has been applied to the cx>st of all stqpport equipment (RMM, RAM, Siqiport Modules, 
etc. ). Fl^re 3.4-23 iS the weicdd and cost estimates for a 12-man support S^ce ^ion, 
and has been used-to establish tiie weight and cost trends as a function of number of crew 
members. . 

3. 4. 2.2. 6 Crew TrahdPort Module - Reference 27 waS used to establish a strawman for 
the crew transport module, Fig. 3.4-24. the conceptual design of this module can he used 
to transport crews between the Shuttle sndtiie support Space Station at 7000 n ml using tiie 

tug as a propulsion sfi^. it also has the Operational capability for servicing the 
manufacturing modules and remote manhallator modules. 












FU^t operations cost estimates are ma ® estimated for &e MPTS antenna and 

for^rt equipment. Medhanical System costs are estimated for the MPT 

Include the foUowlng cost elements: 

• Primary and secondary structure 

- Materials 

- Manufacturing 

e Materials transportation 

• Assembly. 

3.5.1 Task 1 - Preliminary Design Results 

The loUowtog ««nmarte« e» signmcMt of ms IMtl^ 

. The pertormanoe ol the Merlm Siege (Trenstege) Is to treesport 

ceews he «« prtme essen.bl, site shove the Vas AUes belt 

. Aseemblv at low altlthde resohs In A signifleent redueUon h. iotel st«e«»al system 
cost relative to assembly at the prime site 
. KevWpolylm.de tsfteiow eost material for assembly at ,000 a ml alhh.de 
. Alumirnm strucmres would result In lowest cost struchme tor low altlh.de assembly 
• A 1. 4 km diameter aluminum antenna is four times the cost of a 0. . km diameter 
antenii3'« 

The ton level alternate eoneepU assessed during Task I are summarized in Fig. 1 - . 
The top level aiwisu* Kt/n fttmctural arrangements and 

re— 

transportation modes included: 

« ShuttWExpendablc Transt&gc (1980 lOCl 

• Shuttlc/Rcusable Transtape (1980 IOC) 

4 Shuttlc/Cryo Tup (1984 IOC) 

• Shuttie/Low orbit Assembly (1980) 
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the meterlalB considered in this initial assossmenl included: . 

• Aluminum (AUsad coating) 

• dm^te/epoxy (white paint (mating) 

• Kevlar poiyimide (white paint coating) 

The two structural arrangements evaluated Were the "rectangular grid" and "radial 
spike" designs discussed In Reference 16, Attteima diameters of 1.4, 1. 0 and 0. 7.km were 
assessed. 

Figure 3.5-1 and 3.6-2 summarize the Task 1 preliminary estimates of wel^its and 
costs for the "rectangular grid" and "raiJial spike" design options. Fighre 3,6-1 shows 
weight and cost variations for antenna diameters between 0, 7 and 1.4 km and for alumintun, 
graphlte/epox 5 ' and Kevlar/polyimide. Figure 3.8-2 shows the radial spike design for a 
1 km diameter using the same three materials. Only two of the four flight modes 

(e. g. , Cr>'o Tug, Mode HI and Shuttle/low orbit assembly, Mode IV) are presented. The 
performance of the Transtage lUS was found to be Insufficient to deliver assembly crews to 
a site of 7000 n mi altitude. Assembly at low altitude shows a significant cost benefit over 
assembly at 7000 n mi. On the average, a 40 to 60% decrease in costs can be achieved with 
the lower altitude assembly site. 

Kevlar/polyimide is potentially the low cost material for assembly at 7000 n ml 
altitude. This cost advantage over aluminum or graphite/ ^xy will be greater if it can be 
shown that the thermal variation of poiyimide would be sufficient to withstand the 
environment without coatings. Aluminum is the low cost material for low altitude assembly, 
with Kevlar poiyimide the second choice. Aluminum structure will be approximately 25% 
less costly than graphlte/epojg^ and 20% less than Kevlar for the low alti'nde case. 

The rectangular grid (1 km) antenna was selected for concept definition during Task 2. 
Aluminum and graphlte/epoxy or poiyimide was selected for more in-deptii assessment. 
Further evaluation of the assembly altitude selection was recommended to determine the 
impact on cost: 

• Sufgwrt Equipments 

• SEPS transportation costs 

*e Asse .bljr costs of the entire SSPS. 



Preliminary MPTS pa^ Datasheet, Ramangidar Grid 























































































































I 


3.5.2 Task 2 - Conoqit Definition Results 

The Task 2 findings are summarized as follows: 

• Low altitude assembly (190 nml) Is signifioantly lower in cost fiiail assembly above 
the Van- Allen belt. 

• The major cost driver is ttie Shuttle operations cost. The most payoff for reduction 
of overall assembly and transportation costs would be fiie reduction of the per fll^t 
STS costs by Introducing the Fly-Back Booster and/or heavy lift vehicle. 

• Recurring unit costs for Shuttles, Tugs, l^aoe Stations, etc, represents 1/6 of the 
total costs for assembiy. 

e Aluminum is tue low Cost material for fiie antenna. Composites increase Cost 
4 to 5%, 

3, 5, 2, 1 Trani^rtation and Assembly 

The assembly and transportation system elements assumed for the low altitude and 
high altitude assembly site Task 2 cost estimates are presented in Pig, 3,5-3, The low 
altitude assembly site uses the Shuttle for tranSportatloa of materials and consumables. The 
Shuttle, augmented by support modules in the payload bay, are used for crew accommoda- 
tions, Detailed parts are fabricated in orbit using automated manufacturing modules. 
Assembly is performed using remote controlled manipulators. Solar Electric Propulsion 
is used for transport of the assembled SSM to the geosynchrontms orbital position. The 
high altitude site requires the addition of the Full C^illty Tug for transport of materials 
and must be augmented by a crew transport module for rotation of assembly crews. A six- 
man space station is assumed required for Crew accommodations at the high altitude site. 

3* So 2e 2 Fleet Size and Traffic Assessment 

Both fleet size calculations and the assessment of vehicle traffic are directly affected 
by the total weight that is transported to orbit, the assembly altitude, and the assembly time 
in orbit. This subsection presents the effect that these elements have on traffic rate and 
fleet size for three representative flight plans. All three flight plans considered ln «orbit 
manufacture Of all SSFS structural components by manufacturing modules. The three 
flight plans are: 

• Flight Plan 1 - One year assembly at 190 n ml 

• Flight Plan 2 - one year assembly at 7000 n mi 

• Flight Plan 3 - Two year assembly at 190 n ml. 

Figure 3. 6-4 summarizes the SSPg component weights for the three flight plans listed abone. 
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The aBSumFtionB uBed for fleet Blzing are divided into three groupe aa followa: 
ainittle and Tug Purformance 

• 65K lb Shuttle ciqiability to 190 tt mi orUt 

• 36. 8K 'nig payload capability from 190 to 7000 n ml 

• 23 Shuttle flts/yr for each GOnittle vehicle 

• 23 Tug flts/yr for each Tug vehicle 
Support Equipmeirt 

9 . Each manufaoturing module processes 420 Ib/hr 
e Manufacturing modules operate 24 hr/day 

e Bemote manipulator modules (RMM) assembles at 26 Ib/man-hour 
e One grcmnd controller for each RMM 
e Each ground controller works 105 mhr /month 
e RMM's are used Uiree shifts/diqr 
e RMM's require 5% consumables for each 1 lb moved 
Crew Requirements 
7000 N Ml site 

e Six men needed in 7000 n mi orbit for 1 yr 
e Crew change every 180 days at high altitude site 
190 N Ml site 
e Shuttle crew quarters 
e Sbc men 
e 3(^day missions 

Figure 3. and 3.5-6 present a detailed breakdown by assembly phase 
(see Fig. 3. 5-7) of the number of Shuttles used during each phase assembly for Flight 
Plan 1 (1 year assembly 190 h ml), and Flight Plan 3 (2 year assembly at 190 rt ifti). Also 
listed are the approximate assembly times based on the material delivery and manufacturing 
assumptions. Both of these flight plans have assumed that a separate solar array is avail- 
able to power the 8EPS during the trip to geosynchronous orbit. An investigation of the 
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• FLT PLAN j- LOW ALrrUDEAOTV^ 

• DETAiLEO AWBMBLV - iN-ORfllT MANUFACTURE 

• ASSEMBLY - REMOTE MANIPULATOR MODULE 

• ANTBNNA material - ALUMINUM 

• ASSEMBLY tIME - 2 YR. 


• PHASE 1 - ASSEMBLE STN KEEWCONtROL MODilLE 

- shuttle FLTS (MATERlAUI ~ 

- SHUTTLE FLT8 IMPR. MODULES ft RMM'SI - 

- shuttle FLT8 (CONSUMABLES) 

• PHASE 2 - ASSEMBLE CR £W SPACE STATION - N/A 

• PHASE 3 - ASSEMBLE SSPS 

- SHU1TLE PLT8 (MATERIALS) 

- SHUTTLE FLTS (PERSONNEL) 

- SHUTTLE FLTS (CONSUMABLES) 

• PHASE 4- ASSEMBLE MPTS 

- SHUTTLE FLTS (MATERIALS) 

- SHUTTLE FLTS (PER- 3NNEL) 

- SHUTTLE FLTS (CONSUMABLES) 

• PHASES- ASSEMBLE SEPS 

- shuttle FLTS (MATERIALS) 

- shuttle FLTS (CONSUMABLES) 

• PHASE 6 -TRANSPORT TO QEOSYNCH- N/A 

• PHASF ? CHECKOUT - N/A 


Total shuttle flts 


2 

6 

J 


(1B^ months to ASSEMBLE) 

32S 

20 

17 

(3J MONTHS TO ASS . "-ILE) 

I 


(0.8 MC? >JASU I*. 

27 

31 


. 601 


FI 9 . 3.M Traffic Modal AiieMinent, Flight Plan 3 



• SSPS: - SATELLITE solar Power STATIOR 

*• MPTS: - microwave POWER TRANSMISSION SYSTEM 

SEPS: - SOLAR ELECTRONIC PROPULSION SYSTEM 


Pig. 3.0-7 Laval I Functional Flow: Auamblv 
















i fefteibUlty ofjuelflg tlie 88P8 fdt .this parpofle and reconfiguring It once In geosynohronoua 
orbit, proved to bo ext «moly costly because of tho additional bardwate required to sup- 
port reconfiguration. Manned Space 8tattons-in gooeynchronoUs orbit would be necessary to 
s<4iport the roconflguratlott crew; this would impose a requirement for a fleet and 
ffiirii HrtnAi SfautUe flights to effect deplojment of hardware, consumables, personnel, and 
•ftige. Secondly, a delay in the start of SSPS operation would be required. A separate 
SfiPS array avoids the reconfiguration Step and results In lower total program cost and a 
: SSPS which becomes operational earlier. 

I(egiilte of the fleet size analyses show that 24 Shuttles are required for the one year 
assembly plan (Fll^t Plan 1) and 15 Shuttles are needed to support the two year assembly 
plan (Flight Plan 3). hi both cases, two crew support modules are required to BOppoxt the 
six-man crew. Ei^t manufacturing modules and 182 manipulator modules are needed for 
Flight Plan 1 and halfthat number for Flight Plan 2. 

Figure 3. 5-8 presents the detailed ShutUe/Tug flight requirements necessary to sup- 
port Flight Plan 2, i. e. , one year assembly at 7000 n ml. Since atmospheric drag is not 
a consideration at 7000 n ml, the stationkeeping module has be<m eliminated. The figure 
shows that the Shuttle is required to make approximately 1300 flights in a year. The 
dramatic use over the LEO assembly requirement of approximately 500 Siuttle flights can 

be explained by the fact that additional fliidits are required (at less than 100% load factor, 

^ 65000 lb payload) to get Tugs into orbit. The result is fliat 59 Shuttles and 37 Tugs 
are needed to simport Flight Plan 3. 

3. 5.2. 3 Launch OpportuuMy Sensitivity to Traffic Rate 

• ^ The Shuttle has an ETR launch opportunity every 23. 5 hours to a 190 n mi 28. 5 

i inclined orbit assembly site. A glance at the total number of Shuttle launches required for 

either Of thy one year assemblies (see Fig. 3. 5-9) Indicates that from one to four Shuttle 
launches per day are required if orbit phasing Is neglected. Worst case phasing conditions 
can exist on some of these days; this only serves to aggravate the launch/day situation. 

This Situation arises from the fact that under worst case phasing conditions, it is optimum 
to delay launch a day, and spend 16 hours phasing with the assembly area at 190 n ml. The 
( alternative is to launch on the first oigjOrtunity, spend 40 hours phasing, and arrive at the 

assembly point at the same time as a vehicle that delayed launch for 1 day. Obviously, it 
is more advantageous to delay launch for the day and wait on the ground for better relative 
launch site/assembly point phasing to exist. This waiting would mean that the ETR launch 
ra* 3 would double on some days during the year and that from 2 to 8 vehicles u-ould have to 

I; 
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• FLtPLAig 2 -HIGH ALTITUDE ASSY (TOdON Ml 

• inhabit MANUFACTURE AT 7000 NJML 

• ■ rtdlMITE MANIPULATOR ASSEMBLY 

• - 1 YEAR manufacture ft ASSEMBLY 

• antenna MATERIAL -ALUMINUM , 



• 

PHASE 1 - EQUIPMENT DEPLOYMENT 




- SHUTTLE FiTStO LOW EARTH ORBIT IMFR. MOO) 

B 



- SHUTTLE FITS TO LOW earth ORBIT IRMM'S) 

i 



- SHUTTLE FLTSFOTI TUG DEPLOYMENT . 

- TUGFLTS 

10 

10 

# 

PHASE CREW SPACE STATIOliOEPLGYMEWT 




- shuttle FLTSTO low earth orbit (M>ACE STATION) 

8 



- SHUTTLE FLTS FORTUG DEPLOYMENT 

- TUGFLTS 

8 

B 

4 

PHASE 3 - SSPS MANUFACTURE. 




- shuttle FLTS TO LOW EARTH ORBIT (Material) 

325 



- shuttle FLTS FBR TUG DEPLOYMENT-.™——. 

Bf4 



- TUGFtlS 
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PRASE 4 - MPTS manufacture 




- SHUTTLEFLTS TO LOW EARTH ORBIT (MATERIAL) 

84 



- SHUTTLE FLTS FOR TUG DEPLOYMENT 

- TUGFLTS 

112 

112 
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PHASES -SEPS MANUFACTURE 




- SHUTTLE Fi TS TO LOW EARTH ORBIT (MATERIAL) 

60 



- SHUTTLE FLTS FOR TUG DEPLOYMENT 

- TUGFLTS 

88 

88 
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PHASE 6 - TRANSPORT TO GEOSYNCH 




- SHUTTLE FLTS TO LOW EARTH ORBIT (SEPS PROPELLANT) 

U 



- SHUTTLE FLTS FOR TUG deployment 

- TUGFLTS 

26 

25 
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MtSC. 




- SHUTTLE FLTS TO LOW EARTH ORBlT (RMM CONSUMABLES) 

21 



- SHUTTLE FLTS FOR TUG DEPLOYMENT 

38 



- tugfLts 

- SHUTTLE FLtSTO LOW GARTH ORBIT (CREW ♦RSM) 
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36 


- SHUTTLE FLTS FOR TUG DEPLOYMENT 
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TOTAL SHUTTLE FLTS 
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TOTAL TUG FLTS 
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Fig. 3.M traffic Model tfiid Ficct Sin AtaMsirnm, Flight PUn 2 
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tHe launch wi&ddtM « t6 mtnitteat). Bafwd oil <mttenUanaghjogi» 
tediiilqiieB to be tel unaboepli^ tragic t6iS6. 

It la interesting to note tbatif an assembly alti tude o f 265 njtni wei«Lobaiaett« i?roper 
phasing ariih IbeaseconbLy point vroiildjexiat on ajdaily basis and the launch overflow £rom 
one-day to tiie next would be avoided, — 

3 jBu 2. 4 Fleet Stze/Tra£flC JEleoommeddBtlOQS 

Figure 3.5-9 presents a summary oC-the fleet siae/traMe re^uirementSLOf tihe three 
fUid>^ plans. Based on strictly fleet sire consideration niaeo year assembly at LEO is 
repommetided, « lanurtK «y|iort ii tti^ point of view« a 255 n mi assemblv alfl tnde is . 

recommended. Ibi&altitude also offers orbit decay advantages. 

3 , 5 . 2.4. 1 Concept Cost Comparieoii - Gostcompllations were prepared forthe following 
three oases: — 

e Flight Plan 1 - Low attitude assembly, one year assemb^ period (Pigr 3.5-10) 

e-Fliglit J>lsn 2 - High altitude assembly .jone year assembly period (Fig,. 3. 5-il) 

• Fliidd Flan-3 - Losr altitude aseembl^, two year assembly period (Fig. 3.5-i2>. 

Hie recurring and nonrecurring cost estimates for support eciuipments assumed in tide 
concept comparison are outlined in Fig. 3.5«*l5,~ Previous cost data on Ifoace Station 
(NAS 9-9953) were updated to 1974 dollars and applied as a unit cost factor (^Kg) to space 
station, Shuttle Support modules, remote matnpttlatora and auto manufacttirlng modules. 
Welid^t estimates were taken from Ref. 25 and 26 for the Modular f^e Station and Shuttle 
Shmport Modules, respectively. Cost estimatei for Slnittle were takenirom Grumman 
Pbaee A study results while Tug estimates were based on recent Tog System Studies. The 
cost of SEPS and the control modules were assumed at $1M/Ib oi thrust, Ref. 29. All 
equipments used In the cost comparison were amortized over the assembly of five SSPS. 

Figure 3. 5 "O through 3. 5-12 summarlee the transportation and aBsembly coats for 
the tiiree flight plans clted-above. An assembly cost of 1323/kw (5 GW ^stem) can be 
achieved at a low altitude site with a one year assembly time (Flight Plan 1, Fig. 3.5-10). 
These coats can be reduced slightly, $ld0^ ^tw, if the assembly time is increased to two 
years. (Flight Plan 3, Fig. 3.5-12). Assembly at hi^di altitude would cost 350/ka’ (Flight 
Han 2, Fig. 3. 6-11), an unacceptable cost level, if space based power generation is to be 
competitive with ground generated power. 
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STS operations cost, is ttie nasjor cost driver. Over.80% of the. cost for assembly are 
related to STS per-fllgjit launch costs. These costs can be significantly reduced by intro- 
ducing the Fly-Back Boosters. Data generated during the-Shuttle Phase A studies Indicated 
that launch costs could be reduced by a factor of two or three with a Fly-Back Booster. A 
heavy lift vehicle, which utilizes the current Shuttle system external tanks. SSME-and solid 
rock^ could-be utilized in a d^loy only fUsd^i inode and increase throw weight performance 
to $120..p00 lb pet fU^t without increasing launch costs. Launch cost of $26 to $50/lb 
could be achieved with Ihese STS modifications. 

Recurrii^ costs fot support equipments were found not to be as significant a cost 
driver as was expected. The unit costs to purchase the Space Stations, additional Shuttles, 
manufacturing modules, etc. represent only 1/6 the cost to assemble each SSPS. 

Ihe development cost of Space Stations, Shuttle payload bay support modules and 
free flying teleopprators can be shared otfiilly absorbed by programs which are more near 
term SSPS. The function of the manufacturing modules and SEPS, may be so unique 
to SSES that these elements may have to be accounted as part of tiie SSPS development 
costs. 

3.5. 2.4. 2 SAn«itlvitv To Shuttle Packaging Density - A review of packaging factors for all 
elements of the SSPS has shown that most components and/or subassembll >s can utilize 
fiiil payload performance capability of the Shuttle. The exception is porhapS toe antenna 
wav^ides. Structural subassemblies, can be packages as flat stock and fabricated in 
space with relatively simple auto manufacturing modules. Solar cell blankets can be rolled 
into tightly packages bundles for transport. Electrical wiring and equipments can also be 
densely packaged. The waveguides, however, may require fabrication oh earth where toe 
toleranccs necessary for efficient microwave performance can be closely 

cohtBOlled. 

The design of close tolerance hinges and locking mechanisms as an integral part of 
toe waveguide subarray offers a packaging approach with reasonable densities. Figure 
3.5-14 is a parametric presentation of total waveguide weight and packaging density aS a 
function of w&vegulde wall thickness. The final selection of thickness wUi be determined 
by analysts of toe operational thermal requirements of the waveguides. An increase In 
thickness will Increase conductivity of heat from the hot surface where the microwave con- 
version electronics are mounted to the cooler slotted face of the Subarray. '’Tils toermal 
transfer is required to minimize toe thermsd gradients between the surfaces thereby 
nlnimizlng thermal distortion. The packaging approach shou-n in Fig. 3. 5-14 utilizes the 
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hinges running the 18 meter length of the wasegutde as a means ot rolling the array Into as 
tight a bundle as possible, without affecting the dimensional charactedsacs of Individual 
waveguides within the subarray Islmllac. packaging approach aS used to stow enow fence). 
After delivery of the subarrays to orbit, look!*' ' mechanism on the face opposite the hinge 
lines are utilized to securely deploy the subarray to within the required flatness. 

Figure 3. 5-15 relates total waveguide system weight to packing density and number of 
Shuttle fillets. The flight plans presented earlier In this section, assumed inflight fabrica- 
tion these units. A totatof 25 flights was required tu transport the 3. 95 Kg of 10 mil 
aluminum stock for inflight manufacture. The number of fUsdits increases to 140 if the 
waveguides are fabricated on the ground and transported In tite packaging arrangement 
dhown.ln Fig. 3. 5-14. The number of required flightE remain constant up to a waveguide 
wall thickness of 50 mil. Above this material thickness, tiie Shuttle performance llmita- 
tione become the driving factor for establishing quantity of flisdits. 

Transportation costs increase 30% from the baseline rate of 1301 Vkw to 1550 $Aw 
if ^ce fabrication is not used for the wav^ide. Ihis 20% increase holds i 4 > to a wave- 
guide wall tbickimss of .50 mil... At a thickness of 100 mil, tile increase in costis 50%. 
Figure 3. 5-16 summarizes the cost delta’s as a function of wuv^uide wall diickness. 

3. 5. 3 MPT8 Structural Costs 

Hie cost elements for mechanical systems and flight operations have been broimn 
down into the following subdivisions: 

e Primary and secondary structure 

- Materials 

- Manufacturing 

# Materials transportation 

e - Assembly. 

Cost parametrics for the structure are in 1974 dollars and include the cost of 
materials and thermal coatings, the manufacturing processing costs for prelaunch forming 
of beam elements and applicatiCn of thermal coatings are included. Cost relationships are 
in the form Of $/Kg. 
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? Matoriale Traaaportation coeta a)re evaluated foir a low altitude aaaembly aite 
only, iee li<^ altitude option was deopped because ot4be nob^competltive costs (see 

Subsection 3. 5. 2), The cost- of transporting assembly crews and In-flight proceaslng 

modules an dot Included under this cost element. 

Assembly costs for tile structural materials (1. e. , aluminum and graphite composites) 
Options considered wore assumed flie same. The results of the assembly cost comparison 
(ftibsectlon 3. 5. 2) were used to establish a proportionate cost fot sui^rt equipments, 
SEP-traUqportatlon cost, etc. based on antenda wel^t relative to flie entire SSPS. The 
assembly cost of structure varies witb flie number of. Joints or pieces of material that 
must be assembled and Is Independent of flfe properfles or weight of the material. 

3. 5. 3. 1 Materials and Manufacturing Costs 

Ibe microwave power transmission section of the orbiting solar energy collector can 
be designed from advanced composite material or aluminum to meet three criteria, lliese 
•are (a) 30-yeac.llfe, (b) low or zero thermal e:q)anslon4md (e) operating temperature 
rangb between 450**K and 430**KU This structure can be designed as (hldswall tubes, 3-6 
Inches lb diatneter, 18m (60 ft) or less In leUgth, or as thin (0. 010) slats which roll up to 
a hella 4. 6m (l6 ft) in dlam^r. 

A summary of material and processing costs are g^ven in Fig. 3. 5-17 for several 
candidates. -Thermal control coatifig costs are included. 

Material costs were obtained during the week of August 19, 1974 from Grumman 
purchaslBg agents, who are in. direct contact with vendors and who used most recent pur- 
chase orders and quotes as their basis. These costs are listed in Fig. 3. 5-l7 as "present 
material cost", and would be tiie price pald.today for a large quantity order. The only ex- 
c^Mon is 2-mll-thick griqphlte/epoj^ 3-lnch-wide tape whose price would drop from 
726 8/Kg ($330 pOr lb) (which is the Small batch cost) to less than 210 $/Kg ($100 per lb) 
for largo volume orders; a Arm price could not be obtained from the vendors. 

Minimum prices Shown In Fig. 3. 6-lt are generally the same as present prices or 
are based on recent prices (e.g. 236 $/Kg ($1 07/lb) for boron/epoxy in January 1974), 
projected near term lower costs (e.g. 44 8/Kg ($20/lb) for graphite/epoj^) or different 
forms of the material (e.g., KeVlar prices, aluminum allo>» types). 
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Maximum prices anticipate a 20-28% tbflationary raise during tt<e 1974-1970 time- 
span for most of the materials listed in Fig. 3. 6-l7 except for the Kevlar maximum price 
which is a more expensive form of this particular ni^torial. Kevlar pricos may drop in 
the near future as usage of this man-made fiber increases. 

Processing costs were based on a recent study for the VFAX airplane design in 
which an analysis considered metal and composite designs. These costs are based on the 
current $14-$1S per hour manufacturing rate. They reflect a 75-80% learning curve, 
with maximum cost taken at Shi^ NO. 1 and minimum cost at Ship No. ISO. R is understc 
that 150 ships may not be built, but that within each ship there exists sufficient repetitive 
structure such that mass producticm of identical items will tend to lower unit cost as mori 
and more items are built. 

For further in-depth reference the reader is directed to Ref 17. 

3. 5. 3. 2 Transportation and Assembly 

Figure 3. 8-18 summarizes the cost relationships used in comparing MPTS stnictur 
options. Ihe cost materials transportation assumes the Shuttle can deliver 29.4 x 10^ 
(65 K/lb) to 190 n mi at a Cost of $10. 5M per flight. In the four month period allocated to 
the assembly Of the antehna, eight fligd^tS Were needed for transportation of consumables 
and personnel (see Subsection 3. 5. 2). It is assumed that the type of material used in the 
construction ctf ^ antenna does not affect this requirement. The cost of equipments for 
support of assembly and the cost of SEPS transportation to geosynchronous Was allocated 
in proportion to die baseline antenna weight to solar array weight ratio used in the traffic 
modal assessment and was assumed irdependent of structural material. 

Figure 3. 5-l9 shows that aluminum is the low cost material for the antenna strUctu 
The three graphite/composite Options evaluated are: 

• Graphlte/epoxy - 5 mil material 

• Graphlte/epoxy - 2 mil material 

• Graphite/polyimide - 2 mil material. 

0 

The increased cost of the graphite composite materials and prelaunch processing 
relative to aluminum Is greater than the transportation cost Savings achieved with the 
lighter material. These composite cost estimates are based on projected costs of graph! 
material in quantities of a few thousand pounds. Vendor contacts have indicated, howeve 
that large quantity’ orders (millions of pounds) may significantly reduce these costs. 
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Fig. 3.B-19 MPTS Structural Concept Coitipariton 























Section 4 


TECHNOLOGY ISSUES 

This section includes an initial listing of MPTS technology issues. This listing identU. 
fies areas in technology where more work needs to be done and suggests approaches for ac- 
complishing these tasks. No attempt has been made at this time to categorize or combine 
these technology programs. 

4.1 CONTROL SYSTEM 

4. 1. 1 Evaluation of Alternate Power Transfer and Drive Devices 

Slip rings and flex harnesses are power transfer devices most commonly used in 
spacecraft. However, these systems, principally file slip ring approach, require many 
mechanical interfaces. Potential reliability advantages can be envisioned with the use of 
rotary transformers for ppwer transfer and direct drive, linear induction motors for drive 
power. Potential payoffs in reduced maintenance or logistic requirements and lower friction 
Justify further study of these devices for the MPTS. 

4. 1.1.1 Background 

SUp rings and flex harnesses are the only flight-demonstrated methods of power 
transfer across rotating joints. Because of the project scale of the MPTS, in size current 
carrying capaclly, and mission duration, it is deemed critical to further evaluate rotary 
transformers and linear induction drive devices. 

These devices are relatively new applications for a space environment. A rotarj’ 
transformer and linear induction motor drive combination has many advantages including no 
wear or wear products, no arcing, negligible friction, no viscous drag from liquid contact, 
and etter©’ transfer relatively unaffected by the presence of oil. Water, or other contami- 
nants. Further design and experimental work Is required to determine the practlbllity of 
such a de\’ice to the MPTS. 

4. 1. 1. 2 Desired Ou^ut 

• Conceptual design to determine feasibility, weight and cost of rotar>* 
transformer/linear induction motor 

e Outline of scaled dowr. protofyijc test program which will lead to development 
of full scale model. 


I 
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4.1.2 Detailed CcUb3dJ9^ste^ 

the prelixfilaaijr analjrtiiiial etudy perfotiaed.iii^ei$pt>xt of this ooafeAct inohided an 
assessment otprobable gpintiiig accuracy, controltorque requirements. hocsenKmer require- 
ments and. control system bandlmss frequency, these results were obtained Using simplified 
system mo<tels so that the most significant factors could be studied. These simplifications 
may result in not identifying key ^^namics problems associated with (Spacecraft to antenna 
structural dynamics and non-linearities in the mechanical elements of the control system. 

4.1. 2.1 Backgroxmd 

A more inadeptit study which, ccmsiders non-linearities and structural dynamics would 
modify and complicate the control system design. The first step in a r^ned study would be 
file development of an accurate sev of structural modes of vibration for all firequencies up 
fiirou^ that of the control system bandpass frequency. This is-xequired to understand 
system stabilfiy and performance in a realistic manner.. 

These bending modes cotq>le into antenna motions fiirou^ frioticm effects in the bear- 
ings and gear trains, and by pb 3 rstoally pertuxhing the antenna throng mofion cross-coiq)ltng 
into its two-axis glmbal system. The preliminazy study documented he re a ddressed these 
efiects; however, a much more detailed investigation is required. 

The torque drive-gear chain system has within it the factors of flexibility, friction, 
backlash, and hysteresis. These were briefly considered in file preliminary study. They 
were neglected in the preliminary analysis, but they must be considered in more detail. 

Disturbance forces which must be considered in further analysis efforts are due to 
angular momentum cross-cotqding, gravity gradient, magnetic field interaction, and solar 
pressure. Preliminary study indicated that these mi^t be initially neglected heeaxxse of the 
dominating influence of fricti<m forces and structural mode oscillaticms. uhich were con- 
sidered. 

It is possible that detailed study efforts will show that many of these aforementioned 
factors are critical effects on control design and performance, it may also be found that it 
is not possible to calculate or estimate some of these factors with sufficient accuracy to 
provide the necessary control performance accuracy, Ih that case a type of "adaptive" 
cmitrol design may be required where a special estimator logic (Kalman Filter) Can update 
the knowledge of these factors and adjust the controi system gains £q>proprlateiy. 


D^siredJOtttimt 

fc Ttetftite d coftttol system desiga 

e. m-detifih stability mutlydls 

Jiointiiig abeutacy sensitivity to cenfigtumtion uncertStntles 
e .Fall d-dimeosional midlisaitodel simulation demonstration. 

4JI STBIICUlRAIi SYSTEM 

a , 9 .. 1 C omposite Stimctares. and Assembly Technlqitos 

Thfe attractive combination of strength and mass pi«^rttes peculiar to advancedxom- 
posltes ntftifAfi these materials strong candidates tor die antenna structure.. High-strengdi, 
Stiftoess, and Icw thermal eiqpanslon ate desirable properties. The initial studies of the 
MTPS shows these materials to be cost competitive. 

4. 2. 1.1 Background 

UE.to this time mtfCh of the mechanical properties data tor advanced composites have 
bee n established for short-duratiott aircraft and spacecraft missions. The antenna struc- 
tural designs would-enqiloy composites in-much thinner gauges than has been nornmily used. 
Development of mechanical properties in thin sections (5 mil range) must be verified. 
Durability of organic matrix materials itt oiflilt must be reliably predicted based on sound 
test These verification tests for long-duiration life times (30 years) must be initiated 

as so(si as possible. 

Methods ofiassembly and manufacture in Space must be evaluated to determine overall 
feasibility of composites to MTPS application. Creep fatigue from thermal cycltog in a 
Space environment should be a longrterm advanced study for these materials.— Bonding 
methods used to join members to a space environment needs definition. 

4. 2. 1 . 2 Desired Output 

• Sufficient data to etmport design of MTPS structure using thin members in a 
geos.xmchronous altitude environment for a 30-year period. This data should 
determine materials strength degradation due to fatigue, radiation, temperature 
and outgasstog 

• Methods for manufacture in space. Low cost methods Of transporting rav 
materials to a space-based factor)* and subsequent automatic manufacture of 
basic structural elements 

• Methods of joining and bonding basic structural elements into large str:cture. 
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TdMt0a.BraceuAntednft Feasibility Assessment 
4^2. 2>t Background 

The Tension Brace concept may offer Weight, and cost adirantagds over a built^dQ) 
section, a ppr oach. The flat arra; is relatively insensitive to out-of<rplane thermaLdistoc.* 
tions since the-braces maintain a positive ferce on. the flat array tension wires. The brace 
and flat array wires, can serve as both structural members and conducting elements. 

in orcfer to imsess the concept feasibility structural arrangement drawings must be . 
drawn, structural members need to be Sired, die combined-^ects of thermal cycling, 
loi^ temflLcreep on wires, joints and bracea need to be evaluated, and die feasibility of 
using structure for.power transmission needs definition. In addition, methods of assembly 
to produce a flatpre-tensioned4urray in space needs to be evaluated aloi% with alternate 
materials and relative costs. 

4. 2. 2. 2 Desired Output 

• FTeliminary drawings of configuration, optiens and selection of one of the followii^: 

St}uare array 

> Triangular array 

> Round array 

er Selection ot rectangular, triangular or radial grid for the flat array 

• Recommendation of the number of braces per assembly, brace size and wire Size 

s Material options 

• Method of assembly in space 

• Long term strength/thernial and creep eitfects on wises and braces 

• Structural weight/cost analysis comparing three tension brace options with 
bullt»up section tgiproacb. 

4. 2. 3 Local Cripplii^ Stress Evaluation 

A study is required for the prediction of local compression crltqiling failure modes of 
verj‘ diln (0.1 - 0.16 mm) structural sections for various materials. The study should In- 
clude tubular as well as other structural shapes Such as hat sections, channels angles, 
sections of circles, etc. Of prime interest in the evaluation are the effects of Initial im- 
perfections induced in the fabrication process. 


4. 2*^1 B4ckg)^ouiid 


Some test dai& has been generated in thcLlow thickness ranges and are summarized 
ia~Qie NASA Handbook of Structimal Stability. Hoiirever, the thickness does not extend in_ 
the ranges expected for the antenna structure; in addition, various materials should be 
evaluated such as thegraphite/ epoxv. K evlar 49/epoxy, etc. 

4. 2J&J2L. Desired Output 

Local instability design curves as function of-parametecS such as section geometry, 
initial imperfections, materials properties, applied axial compression load and temperature- 
load time histories. 

4. 2. 4 Design HnvirOnments 

A study of all. the structural design environments induced on the antenna during launch 
into low and synchronous orbit is necessary. This study should establish the desi^ condi- 
tions induced during fabrication and assembly in space, with consideration being given to the 
30-year life requirement* 

4. 2. 4.1 Background 

No data is available on the design environments for lar^.c Structures of the tj-pe to be 
used on the antenna. Of particular interest (and related to the fabrication process) are the 
environments Induced in assembly, operation and refurbishment during the 30-y6ar life. 

4. 2. 4. 2 Desired Output 

Structural design environments including acoustic, shock, acceleration, vibration, 
temperature, meteoroid, etc. : in addition the above are affected and influenced by the 
30-year life operation. 

4.2.3 Optimum Antenna Structures 

The cost of the MPTS is strongly dominated by the mass of the antenna support 
structure. Significant cost savings will be offered b\‘ an optimum structural arrangement 
for the environmental conditions and stiffness requirements. A study that takes into 
consideration the following factors should be performed: 

• Geometry 

ii Design environments including effects of meteoroids 

• Life requirement (fracture, creep, fatigue creep buckling, etc. \ 
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w Materiids ajqpfjiioaiteBS 
• dtiCfftess-retjitfireAents — 

•-Eeasibilt^ of fabilOatioit andassembly 

Consideration to be glvett-to various configurations of structural elements and shapes. 

4. 2. 5.1 Background 

None available on large space structures of this ^T>e. 

4. 2. 5. 2 Desired Ou^ut 

Designudata and typical structuraLdhaign arrangements vrhicb urlU satiny Ae m^iected 
requirements. 

4.2.6 Finite Element Model Development 

Finite element models of selected structural arrangements-are needed-to evaluate 
the structural responses to the r ma l , a nd dynamic l oads These models would 

ensure that a particular design configuration would satisfy the ddflecttcm limit*itlons and 
pointing accuracy requirements,. As part <rf this Study to develop finite ele'^nt models, 
consideration. could be given to developing a member loading system by increasing or 
relaxing cable loads based on a deflectton sraaslng system in conjunction with Sfi ort-boStd 
computer and cable loading/unloading drive system. . The objective otthis system is to 
correct any large Induced deflections which may occur in the 30-year life due to load and 
thermal distortions as well as creep. 

4. 2. 6.1 Background 
None available. 

4 , 9, ft, 9 Ttefitred OU^Ut 

leastblllty of tjTplcal design concepts to meet requirements. 

4.2.7 Composite Waveguide 

The MPTS waveguide will experience extremes In thermal environment and may 
require tight dimensional and electrical stability throughout these extremes. Composites 
offer the potential to meet these requirements at low weight and high strength, 

4. 2. 7.1 Background 

The Air Force Materials Laboratory at Wright-Pattersoh Air Force Base (Ref 17 
and 191 has completed studies on manufacturing methods for dimensionally stable Oomposlte 
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micM^ave ooiue^nents. Com] 2 Pn 6 nis Mirere made of gr^bite/epoxy and In-ati ca^ei- were — 
found to meet-criveria of temperature stability, reproducibility and reasonable cost. These 
components ^^ere tested for mechanical rindjelectcical properties in a tetnperature range 
between U7 to.394"K (-250 to 2 &q1F). 

Application (o the MPTS would re<)ttire cost-effective manufacture of composite 
components in sigrtificabtly larger lengths, and tested in a much harsher environmont: 

50 to OOO^’K (-370 1:0 62o‘’t'). Manufacturing techniques for interfacing microwave con- 
version devices such as amplitrons and klystrons are required. Materials other tlian 
graphite could leaci to a more cost-dTective total system. One such material is Kevlar. 

This material has a tendency to degrade in the presence of UV radiation and coating methods 
to preclude this degradation would be required. 

4. 2. 7. 2 Desired Output 

• Manufficturing methods for long length composite material 
sl Material tests at the temperature extremes 

• Radiation characteristic testing 

• Manufacture costs 

m Extent of UV degradation 

• Suitable protective coatings. 

4.3 THERMAL SYSTEM 

4. 3. 1 Maximum Temperatui’e 

For a given microwave converter efficienc.v and antenna diameter, the power tre,ns- 
mission capability of the MPTS is limited by the maximum permissible structural tem- 
perature. Potential payoffs for greater power transmission and wider selection of 
structural materials to choose from warrant studies for reducing the maximum t<‘’mpera- 
ture experienced by the structure. 

4. 3.1.1 Background 

The Gaussian Waste heat distribution of the MPTS causes peak tempefatufes in the 
center of the anteUna support structure that ate 200^ K hotter than the temperature, s at the 
edges. If one material is to be used efficiently throughout the structure, all of the 
sfruetnre should be near the maximtim working trmporatiirc of the n’at«*rla 1 , T- 
maximize the transmission capability of the hiPTS. Studies are required to evaluate 
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various teohiiiques for smootbingj>Ut ibe GaussiUn waste heai-distriVc»oa. (Aa ImfKirtant 
byproduct otfliis siaoothing^iU be siuellet temperature dtiletenccf Ivtweeu- structUraL 
members*.) Teohuiiptes for smootbiiigjlie distribtttioii tttatshouid-bc-xnvestigated are: 

(1) the use of geometrically and ^>ectraUy selective radiatoTd» (H) heat pipes to transport- 
heat away from.the ce&ter aiid.(d) through the selectionjotthe-constam p lathe microwave 
converter spacing e<piatlon lei min. 6Xp (r/p)^. It is recognized that this constant will — 
affect the microwave transmission-efficiency and the-total power that can be handled by 
the MPTS* A Study that includes the efiect on structural temperatures is retpilred to 
establish the p value that results in the maximum power received on Earth. 

As part of fois study to increase the power transmission-capability of the and 
increase the choice of structural materials, it is recommended that the effect of coatings 
on reducing foe maximum structural temperature be investigated. Selective use of coatings 
will also offer minimization of tempexaturc.dii^ergnces between structural members. 

4. 3. 1.2 Desired CXttpttts 

• Conc^tual design of geometrically and spectrally selective radiatocs-along wifo 
their attendant METS power-levei increments 

• Performance reqi^rements, installation considerations, and redundancy aspects 
of heat pipe designs along wifo their predicted power level increments. Due to 
foe high temperatures ^300 - SOO'K) foe heat pipe designs will involve new 
devel(^ments 

e. Selection criteria for the spacing ccustant p that provides maximum power 
received on foe ground for a given antenna sii:e and maximum structural 
temperature 

«r Candidate coatings for foe structural members wifo their attendant pow’er level 
increments. Consideration for minimizing temperature differences between 
elements by selectively coating foe members should be part of this study. The 
degradation performance of the coatings must be examined so as to ensure the 
30*year design life of foe MPTS, A test program for obtain..'.^’ the necessary 
degradation data should be outlined as part of this Study. 

4. 3. 2 Transient Analysis 

The greatest uncertainty in th^ stress levels that the structural fibers will 
crforicncc is due to the stress Indtired by foe different t* ansient v.l r* of 

foe various structural members. To ensure that the lightest possib^t^ structure is used 
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this uncertainty must be eliminated, 1. e, , a detailed study o£ the transient thermal per- 
formahoe of the structure must be performed. 

4. 3. 2.1 Background 

Twice each year the MBTS will be shadowed from the Sun by the Earth. While In the 
Earth's shadow there will be no waste heat. The only source of Jieat to the MPTS will be 
6-6 w/m^ from the Earth’s infrared emission and albedo. The structure will drop to 
approximately 75* K (-336* F) during the 72 minute occult period. Stresses will be Induced 
as a result of components with low thermal Inertia cooling and shrinking more rapidly than 
the "heavier” ones. The counterpart of this problem with the MPTS coming out of toe 
shade and into the sunlight will also have to be investigated since the members will be 
Stressed dlfferentty In the two situations. Identification and modelling of the critical 
support structure elements will be required. A thermal model of the antenna waveguide/ 
radiator surface will be necessary to provide the thermal inputs to the structure as the 
entire MPTS moves In and out of toe Earto's shadow. 

4. 3. 2. 2 Desired Output 

§ Transient temperature responses of critical structural members during cool-down 
andheat-up as the MPTS goes in and out of Earth's shadow 

# The stresses Induced In the structural members as a result of differential 
cotttractlong/expanslons caused by the different temperature responses. 

4.4 ASSEMBLY 

4.4.1 Assembly Cost 

The greatest uncertainty In establishing accurate cost estimates for the MPTS Is the 
estimate of assembly cost. In the development of assembly cost estimates, the amount of 
resources (manpower, facilities and materials) required to produce the end product must 
be known. Manpowecusosts are of two tj-pes: recurring and non-recurring. Recurring Is 
the effort associated with the fabrication, assembly, Integration and test of flight hardware. 
Non-recurring cost Is the effort associated with manufacturing and testing protot.N-pc or 
test hardware. This effort also Includes the cost of tooling and peculiar support equipment. 

4. 4. 1.1 Background 

Three basic methods of developing manufacturing cost estimates are used: grass 
roots, analogous and parametric. Grass roots estimates are based on btilldlniT np from 
detailed estimates and require good definition of the parts to be fabricated, the methods 
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(o be used SAd-ibs e^tflpmeiit required. Analogous estimates use comparisons with past 
programs. . Tills metbod requires historical-cost data and the exercise of Judgment to 
determine a repcfisentatlve program for comparison and adjustment for vaiQrlng.com- 
plexlly factors. Parametric estimates use mathematical formulae based on slgnlfloam 
variables related to physical or performance characteristics of the system. 

Since there Is no historical data based for space antennas, a combination ot grass 
roots and analogous techniques is required to devel(^ cost estimates. A baseline-design 
Is required adilch Is sufficiently detailed to determine the cost dtlvers-and major-cost 
elements. These can then be related to cost data on fabrication, assembty. and ercotlcu 
for large structures or ground based antennas. 

4. 4. 1. 2 Desired Outputs 

c BaseUbe design to deterrnme: 

- Element fabrication mediod 

- Joint design 

- Materials 

« Assembly aiM ereotlcm procedures 

- Packaging and deliver}^ techniques 

- Alignment procedures 

- Tooling and equipment requirements 

- Facility requirements 

c Analysis of cost data for erection of representative aluminum atructures 
c Preliminary plait for manufactitre on earth 
# Analysis of space assembly techniques 
c Analysis of astronaut capabilities to perform assembly tasks 
c .Analysis of q^lal equipment requirements. 

4. 4. 2 Man's Role in Assembly <md Maintenance 

The Apollo and Sk>*lab programs demonstrated man’s capability to wori«, successfully 
In zero gravity. Future work in space will require teams of men to assemble enormous 
Stroctures across vast areas over weeks or months. The Jobs that man can and must do 
In the transport, assembly, positioning and maintenance of the MPTS need to be Identified. 
The equipment needed for these jobs and the design of the MPTS to aid Job conduct strongly 
influences die qmrationai concepts selected. 
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4. 4. 2.1 Background 

The assembly of tiie MPTS Involves tiiese human factor and safety ctmoems: 

• life supBprt equipment 

• Mobility and restraint juethods/devloeS 

• Special tools and aids 

Stability and structural-integrity of space structure whra "man handled" 

• Work-Site volume, power, attitude control, etc. , requirements 

e Man^mlator inteiifiaces: electrical, mechanical and procedural 

e K i>v iT *^*"**"**i protection requirements for solar flames, micrometeorites 
and microwave radiation 

• Safety in mating lai^ structures and installing/ checking out h4(h voltage/ 
hig^ amperage equ4>ment. 

Maintenance of the MPTS requires answers to tiiese questions before design concepts 
areJfirmed: 

• Should the system ever have a planned shutdown? For what reason and for 
how long? 

• Will maintenance by men be done from the microwave radiating side of the 
antenna? From the heat rejection side of the assembly? 

• What materials or devices can be tailored to protect men and/or equipment 
from microwave radiating hazards, but sttll provide visual information on 
activity progress? 

• Are equipment requirements for MPTS assembly operations compatible with 
equipment requirements for maintenance? Should they be compatible? 

4. 4. 2. 2 Desired Ou^uts 

4 Remote control activity descriptions 

• Crew roles and Job descriptions 

4 crew equipment requirements 

i Crew safety constraints 

• Work site requirements 

• Maintenance philosophy 

• Simulation requirements. 
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Section 5 
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CONCLUSIONS AND RECOMMENDATIONS 

5.1 CONCLUSIONS 

The following summarizeB significant conclusions for the mechan- 
ical systems and flight operations. 

a. Rectangular grid structural arrangement with tri- 
angular has section is recommended for basic manbers of the trans- 
mitting antenna structure. 

b. Al\irainxun« graphite apoxy, and graphite polymide 
are rec<»nmended candidate materials. 

c^ Aluminum materials result in the probable lowest 
cost and development risk program with thermal limits being their most 
critical area. 


d. Composites are attractive for low thermal dis- 
tortion and high temperature operation (polymide), but ultra-violet 
compatibility, and outgassing leading to rf generator contamination 
need investigation. 

e. Assuming the Shuttle as the transportation sys- 
tem, low altitude assembly is recommended. The associated transpor- 
tation and assembly cost for $10.5M/launch is estimated to be near 
600 $Ag. 

f. Advanced transportation system needed for low cost 
of large payloads to earth orbit at relatively low launch packaging 
densities for the payload. Low cost advanced transportation system 
reffulred to transport assembled or partially assembled systems from 
low earth orbit to geosynchronous equatorial orbit. 


g, Oxlaital assembly rsq^ilres remote controlled 

manipulators. 

h. Mahiimum on orbit manufacturing and assembly will 
be necessary when using the Shuttle transportation or other options 
with small volume capacity requiring high latmch packaging densities 
to achieve payload performance. 

5.2 BECOMMENDAfriONS 

Technology issues for mechanical systems are listed and dis- 
cussed in Section 4 of Section 8 (Mechanical Systems and Flight 
Operations) . This listing identifies areas in technology where more 
work needs to be done and suggests approaches for accomplishing these 
tasks. The following simplified list is incorporated here as recom- 
mendations for further detailed investigation, 

a. Evaluate alternate power transfer and drive 
devices for the rotary joint. 

b. Conduct detailed control system analysis. 

c. Conduct detailed investigations of composite 
structures and assembly techniques. 

d. Investigate tension-brace concepts and compare 
them with the built-up section approach. 

e. Evaluate the local crippling stress characteris- 
tics of the basic thin material elements of the structure. 

f. Establish the design environments for launch 
into low earth orbit, transfer to synchronous orbit as well as those 
associated with fabrication and assembly. 
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